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 Intracellular mutualistic endosymbionts are widespread among insect species and 
perform many different functions for their hosts. While the role of each symbiont varies 
among hosts, the evolution of symbiont genomes follows a similar degenerative 
trajectory. Genome degeneration is a consequence of relaxed selection on gene functions 
no longer required in the symbiotic relationship. Previous efforts to understand the forces 
shaping symbiont genomes have involved comparing long established symbionts with 
distantly related free-living bacteria. In order to characterize the mechanisms driving 
symbiont genome degeneration, recently established symbionts must be compared with 
closely related free-living relatives.  
This work describes the discovery of a non host-associated member of the 
Sodalis-allied clade of insect symbionts, Sodalis praecaptivus str. HS1. Whole genome 
comparisons between S. praecaptivus and the recently established symbionts, Sodalis 
glossinidius and Candidatus Sodalis pierantonius show that these symbionts evolved 
independently from an S. praecaptivus-like ancestor. Detailed genomic comparisons 
between S. praecaptivus and Ca. S. pierantonius reveal that insertions and deletions 
resulting from replication slippage errors associated with G+C-rich repeat sequences are 
an important driver of gene inactivation and deletion in the early stages of symbiosis. 
This slippage-prone phenotype is mechanistically associated with the loss of certain 






life and is expected to facilitate rapid adaptation to the novel host environment.  
 This work also includes a comparative analysis of the PhoP-PhoQ two-
component systems of S. praecaptivus and S. glossinidius, which is involved in mediating 
resistance to antimicrobial peptides produced by the host immune system. Comparative 
transcriptomics identifies significant differences in the PhoP regulatory networks of these 
closely related organisms. This work also describes the discovery of a novel 
transcriptional regulator involved in resistance to antimicrobial peptides. 
The role of genome degeneration as it relates to bacterial adaptation in novel 
environments is also explored. Using a library of transposon Tn5 mutants of S. 
praecaptivus this work shows that the inactivation of various genes, many of which are 
global transcriptional regulators, can provide significant fitness advantages in novel 
environments, including an insect host. This rapid adaptation is thought to occur by 
disrupting established regulatory networks allowing existing genes and metabolic 
pathways to be reconfigured in ways that are better suited to the novel environments 
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Obligate mutualistic symbiotic bacteria are common in approximately 10% of all 
insect species (Buchner 1965; Douglas 1989). Insect symbionts perform a variety of 
functions for their hosts including nutritional supplementation of the host diet (Gündüz 
and Douglas 2009; McCutcheon and von Dohlen 2011; Sloan and Moran 2012) as well as 
protection from parasites (Oliver et al. 2003), pathogens (Scarborough et al. 2005; 
Hedges et al. 2008; Teixeira et al. 2008), and environmental stress (Russell and Moran 
2006). While the roles of mutualistic symbionts vary, the evolution of symbiont genomes 
follows a similar degenerative process. Over long periods of time, the sizes of mutualistic 
symbiont genomes are significantly reduced compared to their free-living relatives 
(Andersson and Kurland 1998; Dale and Moran 2006). This reduction in size follows the 
transition from dynamic environments, where diverse genes and regulatory networks are 
required to survive, to a relatively static host-associated lifestyle, where only a small 
fraction of the original gene inventory is required. This transition to a static host 
environment places a large number of symbiont genes under relaxed selection allowing 
them to accumulate inactivating mutations and be deleted (Moran 1996). Mutualistic 
endosymbionts also evolve in isolation where they are unable to benefit from laterally 
acquired DNA (Andersson and Kurland 1998). This isolation leads to an irreversible 
accumulation of deleterious mutations and substantial gene loss. Furthermore, the early 
stages of this degenerative process can also include an expansion in the amount of mobile 
DNA (phage and insertion sequence elements; IS-elements) in the symbiont genome (Wu 
et al. 2004; Toh et al. 2006; Plague et al. 2008). 
While the long-term effects of static host association have been described 






clearly defined. In order to analyze the mechanisms of gene inactivation in the early 
stages of symbiosis, it is necessary to compare recently established symbionts with 
closely related free-living relatives. Chapter 2 introduces the discovery of strain HS (later 
named Sodalis praecaptivus str. HS1; Chari et al. 2015), a free-living relative of a group 
of insect symbionts referred to as the Sodalis-allied clade. Symbionts from this clade are 
found in diverse insect hosts including, but not limited to, stinkbugs, bird lice, chestnut 
weevils, grain weevils, and tsetse flies. Genome comparisons in chapters two-five are 
made between S. praecaptivus and two recently established symbionts of the Sodalis-
allied clade. Sodalis glossinidius, a symbiont of the tsetse fly, and Candidatus Sodalis 
pierantonius str. SOPE, the symbiont of the rice weevil Sitophilus oryzae. Genome 
comparisons in Chapter 2 provide evidence that these symbionts are initially acquired 
independently in each insect host, and that each symbiont genome is derived from a 
common S. praecaptivus-like template. Comparisons with S. praecaptivus also identify 
Ca. S. pierantonius as sharing 98% genome-wide nucleotide sequence identity, making it 
the most recently established endosymbiont for which we have a complete genome 
sequence. 
The extremely close relationship between S. praecaptivus and Ca. S. pierantonius 
provides an opportunity to analyze the mechanisms involved in the degeneration of this 
symbiont genome shortly following host association. By aligning the pseudogenes of Ca. 
S. pierantonius with their intact S. praecaptivus homologs in Chapter 2, we identified 
insertions and deletions (indels) as the most abundant class of mutation in the Ca. S. 
pierantonius genome. Analysis of indels in Ca. S. pierantonius in Chapter 3 identifies 






mispairing events. These slippage events occur specifically in G+C-rich and repetitive 
sequences and appear to function as a strong driver of gene inactivation and deletion. The 
benefits and costs of such a mutator phenotype are also explored. 
The environment inhabited by non host-associated bacteria is dynamic, requiring 
the maintenance of functions involved in sensing and responding to environmental 
changes. One mechanism whereby all organisms, including bacteria, adapt to changes in 
their environment is through transcriptional regulatory proteins (Balleza et al. 2009). The 
most predominant form of transcriptional regulation in bacteria is through two-
component systems (Stock et al. 2000; Bijlsma and Stock 2003). Such systems consist of 
a sensor kinase capable of detecting environmental cues and transmitting signals (usually 
through phosphorylation) to a response regulator. Response regulators then modulate the 
expression of genes, usually by direct interaction with promoters and other regulatory 
proteins (Stock et al. 2000). Together, PhoP and PhoQ constitute one such two-




, pH and 
antimicrobial peptides
 
(AMPs; Bader et al. 2005; Prost et al. 2007; Prost and Miller 2008; 
García Véscovi  et al. 2009; Perez et al. 2009). Previous work on PhoP-PhoQ in S. 
glossinidius determined that this system is required for survival in its insect host, but that 
PhoQ is attenuated in its ability to sense these signals (Pontes et al. 2011). To understand 
the evolution of this two-component system in symbiosis, Chapter 4 presents a 
comparative analysis of the phoP regulatory networks from both S. glossinidius and S. 
praecaptivus. We also determined that neither PhoP nor PhoQ, in S. praecaptivus, is 
required for survival in the presence of AMPs or in an insect host. This discovery 






transposon Tn5 mutant library of S. praecaptivus for AMP sensitive mutants, we 
identified a novel transcriptional regulator (Sant_4061) that is critical to both AMP 
resistance and survival in an insect host. Unexpectedly, ∆Sant_4061 mutants also exhibit 
a growth advantage over the WT strain when grown in rich media. Further analysis of the 
Tn5 library revealed that mutants with inactivating insertions in Sant_4061 were the most 
abundant in this library. This observation prompted a search to identify which mutants 
might be advantageous in other conditions.  
By passaging the Tn5 mutant library introduced in Chapter 4 through various 
conditions both in vitro and in vivo and sequencing the surviving mutants, we identified 
mutant alleles in nearly every condition that displayed significant fitness increases. 
Interestingly, the majority of these mutant alleles contained insertions in known global 
transcriptional regulators. Over time, transcriptional regulators and the genes they 
regulate become optimized to respond to specific changes in the environment. This is 
curious considering the fact that the inactivation of so many global transcriptional 
regulators can provide such significant fitness increases in novel environments. Thus, a 
trade-off exists with global transcriptional regulators. On the one hand, global regulators 
increase efficiency by regulating large numbers of genes in response to routinely 
encountered signals. On the other hand, this functional optimization comes at the cost of 
lost flexibility when transitioning to novel environments, where different combinations of 
signals might exist and regulatory networks would benefit from rewiring to meet the 
demands of the new environment. This trade-off could explain the loss of most regulatory 
proteins in recently established insect symbionts and suggests that the advantages gained 






costs of their loss (Hottes et al. 2013). The elimination of regulators from symbiont 
genomes makes sense given that symbionts inhabit a relatively constant environment 
where the need for regulatory proteins that respond to environmental dynamism is 
limited. Furthermore, the inactivation of global regulators could function as a mechanism 
of rapid adaptation following the onset of symbiosis by disrupting existing deleterious 
regulatory networks in an effort to quickly adapt to the new host environment. 
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THE REGULATION OF ANTIMICROBIAL PEPTIDE  
RESISTANCE IN THE TRANSITION  









 Many bacteria utilize two-component systems consisting of a sensor kinase and a 
transcriptional response regulator to detect environmental signals and modulate gene 
expression. The response regulator PhoP and its cognate sensor kinase PhoQ compose a 





, and pH as well as responding to the presence of antimicrobial peptides and 
activating the expression of genes involved in adaptation to host association. Compared 
to their free-living or opportunistic relatives, mutualistic insect symbiotic bacteria inhabit 
a relatively static environment where the requirement for sensory functions is expected to 
be relaxed. Previous work shows that the insect symbiont Sodalis glossinidius requires 
PhoP to resist being killed by host-derived antimicrobial peptides. However, the sensing 
capability of the S. glossinidius PhoQ is diminished, facilitating constitutive antimicrobial 
peptide resistance. Here we show that the PhoP-PhoQ system of Sodalis praecaptivus, a 





pH to modulate the expression of genes involved in antimicrobial peptide resistance in 
vitro.  However, in an insect host, the S. praecaptivus PhoQ protein is dispensable and 
bacterial survival is enhanced by the introduction of an S. glossinidius PhoQ ortholog.  
This work also reveals that a novel MarR-type transcriptional regulator also controls 
resistance to antimicrobial peptides in vitro and in vivo in S. praecaptivus. 
 
Introduction 
Bacteria must sense the presence or absence of signals in their environment in 






widely used to sense environmental signals and respond by facilitating transcriptional 
changes in accordance with environmental signal input (Stock et al. 2000). Such systems 
generally consist of a membrane-bound histidine kinase that senses environmental stimuli 
such as ions or nutrients. Following detection, the sensor kinase autophosphorylates and 
transfers its phosphate to a cognate transcriptional response regulator. Most response 
regulators are capable of freely diffusing through the bacterial cytoplasm and modulating 
gene expression, usually through interaction with gene promoters (Krell et al. 2010). The 
ability of a bacterium to sense and modulate transcription provides an adaptive advantage 
in a dynamic environment where the flexibility provided by a sensory response capability 
substantially increases the efficiency of resource allocation.  
Mutualistic symbionts of insects inhabit a relatively static environment, often 
residing in specialized host tissues and undergoing strict vertical transmission 
(Wernegreen 2002). Following the transition to symbiotic life, a large fraction of the 
symbiont genome evolves under relaxed selection and is inactivated and lost, leaving 
only a minimal suite of genes that is required to survive on the resources provided by the 
host and to fulfill symbiotic functions (Andersson and Kurland 1998; Dale and Moran 
2006; O’Fallon 2008). Consequently, long-established symbionts maintain the smallest 
genomes characterized to date among bacteria, with many representatives having genome 
sizes of less than 200 kbp (Nakabachi et al. 2006; McCutcheon and von Dohlen 2011; 
Bennett and Moran 2013). Many genes involved in regulatory functions are lost early in 
the process of genome degeneration following the onset of symbiosis (Clayton et al. 
2012), presumably because their functions are of limited value (or perhaps deleterious) in 






clear that the functions of some regulators are maintained, at least for a period of time, 
following the onset of symbiosis (Toh et al. 2006; Pontes et al. 2008; Pontes et al. 2011; 
Clayton et al. 2012).  
The PhoP-PhoQ system of Sodalis glossinidius is one example of a regulatory 
system that maintains an essential function following the transition to symbiosis. This 
two-component system is known to control genes involved in nutrient acquisition and 
virulence in a wide range of facultative pathogenic microbes (Llama-Palacios et al. 2005; 
Bozue et al. 2011; Gellatly et al. 2012). The functions of PhoQ have been well 
characterized in Salmonella enterica, where it acts as a sensor of Mg
2+
 (Perez et al. 
2009), Ca
2+
 (García Véscovi  et al. 1996), pH (Prost et al. 2007), and antimicrobial 
peptides (Bader et al. 2005; Prost and Miller 2008). At high Mg
2+
 concentrations (10 
mM), PhoP is dephosphorylated, whereas at low concentrations of Mg
2+
 (10 µM), PhoP 
is phosphorylated by PhoQ. The latter condition drives an increase in expression of genes 
involved in Mg
2+
transport (Groisman 2001), virulence, and resistance to low pH and 
antimicrobial peptides (AMPs; Groisman and Mouslim 2006; Mitrophanov et al. 2008). 
AMP resistance is facilitated by the modification of LPS by increasing its charge, 
disrupting electrostatic forces within the LPS and thereby preventing damage caused by 
host derived AMPs (Guaní-Guerra et al. 2010). 
Previous work on the PhoP/PhoQ system of S. glossinidius showed that it is 
required for the bacteria to survive in its insect host by mediating the expression of genes 
involved in resistance to host AMPs (Pontes et al. 2011). However, S. glossinidius PhoQ 
lacked the ability to sense Mg
2+
, pH, and antimicrobial peptides (Pontes et al. 2011). It 






had a functional Mg
2+ 
sensing capability but that relaxed selection on the sensory 
capability of PhoQ resulted in the loss of this capability in the symbiotic lifestyle (Pontes 
et al. 2011). This was predicted to be a consequence of mutations in the metal binding 
"acidic patch" of the PhoQ protein, which prevent the binding of divalent cations that 
result in dephosphorylation of PhoP. 
The recent discovery of a close free-living relative of S. glossinidius, designated 
S. praecaptivus (Clayton et al. 2012) provides an opportunity to examine the "ancestral" 
functions of PhoP-PhoQ in this lineage of bacteria.  Several Sodalis-allied symbionts 
(including S. glossinidius) appear to have descended independently from an S. 
praecaptivus-like ancestor, as evidenced by comparative genomic analyses showing that 
the symbiont genomes are subsets of this free-living relative (Clayton et al. 2012).   In the 
present study we analyze the sensory capability of the S. praecaptivus PhoP-PhoQ system 
using in vitro assays of polymyxin B resistance.  We then compare the transcriptomes of 
wild-type (WT) and ∆phoP mutant strains of S. praecaptivus and S. glossinidius to 
determine if the functions of the PhoP regulon have been modulated in the transition to 
insect symbiosis.  Finally, we compare the abilities of wild type and mutant strains of S. 
praecaptivus to sustain infection in an insect host that maintains a recently derived 
Sodalis-allied symbiont and discover an additional (MarR-like) regulatory system that 











Phylogenetic analysis of phoQ and 16S rDNA 
 In S. enterica, PhoQ functions as a sensor of divalent cations by coordinating the 
binding of these metals using various conserved acidic residues throughout the protein 
(Cho et al. 2006; Prost et al. 2008). Inspection of these acidic residues revealed a single 
region where acidic residues had been lost. This region in particular (located between 
Glu148 and Asp152 in S. enterica) is composed of 5 tandem acidic residues, which are 
positioned in the periplasmic domain of PhoQ. This "acidic patch" is best characterized 
for its role in coordinating the binding the divalent cations including, among others, Mg
2+
 
(Chamnongpol et al. 2003). The change of three of these acidic residues to nonacidic 
residues in S. glossinidius was anticipated to contribute to its loss of sensitivity to 
divalent cations (Pontes et al. 2011). In order to determine how the PhoQ sensor of S. 
praecaptivus compares with S. glossinidius and other Enterobacteriaceae, we performed a 
phylogenetic analysis of the nucleotide sequence of PhoQ and 16S rDNA in other related 
bacteria. The phylogenetic tree shows that PhoQ of S. praecaptivus is most closely 
related to other members of the Sodalis-allied clade of insect symbionts (Figure 4.1). We 
also performed an amino acid alignment of PhoQ and assessed the content of its "acidic 
patch." We found that S. praecaptivus maintains an additional acidic residue in this 
region that is absent in S. glossinidius (Figure 4.1), which may explain its increased 









Antimicrobial peptide resistance 
 In order to assess the functionality of the PhoP-PhoQ system in S. praecaptivus, 
we assayed the abilities of WT and phoP strains to resist the killing effect of the AMP, 
polymyxin B, in vitro (Figure 4.2). Under all conditions tested, the phoP mutant strain 
was highly susceptible to polymyxin B, indicating that PhoP-PhoQ play an important role 
in mediating resistance to AMPs in this bacterium, similar to what has been observed 
previously in S. glossinidius (Pontes et al. 2011). Wild type S. praecaptivus also showed 
a small but significant increase in polymyxin B sensitivity when grown in media 




, similar to what was observed in S. glossinidius 
previously. This effect was observed in media at both pH 5 and pH 7, although pH did 
not significantly affect bacterial survival following challenge.  It should be noted that 
AMPs (such as polymyxin B) are known to be capable of displacing Mg
2+
 cations from 
PhoQ (Bader et al. 2005), potentially reducing the effects of the different cation 
concentrations used in our experiment. In order to determine that the loss of polymyxin B 
resistance was due to inactivation of phoP, we complemented the phoP mutant strain 
with a plasmid expressing phoP under the control of an IPTG inducible promoter.  
Notably, polymyxin resistance was restored when this strain was grown in the presence 
of the inducing agent (0.1 mM IPTG).   
 
Transcriptome analysis 
In facultative pathogens, PhoP is activated in low Mg
2+
, low pH, and in the 
presence of antimicrobial peptides (Prost and Miller 2008) where it responds by 






transport (Prost and Miller 2008). Based on qPCR analysis of select PhoP-regulated 
genes and assays of AMP resistance, it was previously demonstrated that the S. 
glossinidius PhoQ is insensitive to changes in the levels of Mg
2+
. This results in the 
constitutive PhoP-mediated activation of genes involved in AMP resistance and type III 
secretion so that a phoP mutant is unable to survive following microinjection into an 
insect host  (Pontes et al. 2011). In order to determine the genome-wide regulatory 
capability of PhoP and to understand changes that have been mediated in its regulatory 
network in the transition to symbiosis, we performed transcriptomic analysis of WT and 
phoP mutants of S. praecaptivus and S. glossinidius following growth in media 




 at pH 7 or pH 5.  The resulting 
data was then analyzed in pairwise conditional comparisons to delineate PhoP-dependent 
and PhoP-independent transcriptional changes that take place as a consequence of 




 and pH.   
Significant differences in gene expression were observed in all pairwise 
comparisons. Figure 4.3 shows the numbers of genes undergoing a log2fold change in 
expression > 2 in response to a change in cation concentration, pH or bacterial genotype. 
The most striking observation is that both S. glossinidius and S. praecaptivus have similar 





 in the culture media despite the fact that S. glossinidius has lost over half of its 
ancestral genes (Figure 4.3). This effect is most apparent at pH 5 and almost exclusively 




 conditions, which is consistent 
with the known functionality of the PhoP-PhoQ system (Prost and Miller 2008).  In this 






conducted on data derived from WT strains, which strongly suggests that it is a 
consequence of PhoP-mediated signaling in both bacterial species. In S. praecaptivus we 
observed many PhoP-dependent transcriptional changes occurring as a consequence of a 
change in pH at a low cation concentration.  However, the pH-mediated changes 
observed in S. glossinidius occurred at both low and high cation concentrations and are 
largely PhoP-independent, based on the fact that similar numbers of genes show 
significant changes in expression in both the WT and phoP mutant strains.  Pairwise 
analyses of gene expression changes between WT and phoP mutants grown in the same 
conditions (Figure 4.3; inset) shows that the S. glossinidius PhoP-PhoQ system modulates 





concentrations, with increased numbers of genes showing changes in expression at pH 7.  
This is in contrast to S. praecaptivus, in which most PhoP-mediated changes were 




 (Figure 4.3). The S. 
praecaptivus data is consistent with the canonical role of PhoP-PhoQ modulating 





the data for S. glossinidius indicate that its PhoP-PhoQ system has a modified function 
that lacks sensitivity towards these conditions. 
In order to further understand the role of PhoP-PhoQ in S. praecaptivus and S. 
glossinidius, we manually inspected the transcriptomic data to identify changes that 
impact known PhoP-regulated functions and genes sharing similar functions (Figure 4.4). 
This analysis revealed that genes involved in Mg
2+
 transport (mgtCB) are highly 
expressed in WT S. glossinidius at low pH, but that this expression is reduced in the 










and mgtB genes in S. glossinidius are pseudogenes that are disrupted by mutations, 
indicating that the role of PhoP in driving their expression is a relic of a bygone lifestyle, 
as described previously (Pontes et al. 2011).  This is supported by the fact that the intact 
mgtC and mgtB Mg
2+
 transport genes in WT S. praecaptivus display significant activation 




.  However, S. praecaptivus 
exhibits a strong pH dependent ability to significantly change the expression of mgtC and 
mgtB in the absence of PhoP, suggesting that there are additional regulatory 
mechanism(s) controlling expression of these genes. In support of this prediction, the 
mgtCB operon of S. enterica is known to undergo increased expression in response to 
acid pH (Smith et al. 1998).  
Genes involved in LPS modification (and AMP resistance) in S. glossinidius, 
aside from ugd (pmrE) also depend on PhoP for their activation under conditions of low 




.  However, it is interesting that many of these genes also 




 levels at pH 7. This 
represents a novel adaptation in S. glossinidius, which is not observed in S. praecaptivus, 
in which the majority of LPS modification genes are most strongly activated by low pH. 
This observation prompted us to identify other regulatory genes involved in activating 
AMP resistance in S. praecaptivus, which is discussed later. 
Analysis of type III secretion genes in S. glossinidius shows that a large fraction 
of genes in the ysa-island are responsive to a change in pH in a PhoP-dependent manner. 
However the type III secretion system genes of S. praecaptivus seem to exhibit a much 











responsive to PhoP-mediated activation in S. praecaptivus, whereas changes in the 
expression of these genes in S. glossinidius seem to be enhanced in the absence of PhoP.   
Interestingly, our analysis reveals that S. glossinidius, but not S. praecaptivus, 
shows significant upregulation of genes involved in sulfate transport and cysteine 




 at pH 5, which is independent of PhoP. CysP, CysU, 
CysW, and CysA together make up a sulfate/thiosulfate permease known as SulT 
(Aguilar-Barajas et al. 2011). Once inside the cell, CysD, CysN, CysC, CysH, CysJ, and 
CysI convert sulfate into hydrogen sulfide, which can then be added to O-acetyl-L-serine 
by CysK to produce L-cysteine (Aguilar-Barajas et al. 2011). The expression of this 
system appears to represent a unique adaptation in S. glossinidius, possibly to enhance 
cysteine biosynthesis for its host, or to mediate increased resistance to oxidative stress 
(MacLeod et al. 2007) via glutathione production, which is dependent on L-cysteine.  
Curiously, MetK is also upregulated in S. glossinidius under the same conditions as the 
cysteine biosynthesis genes discussed above, although the remaining methionine 
biosynthesis genes are not (Figure 4.4). MetK catalyzes the synthesis of S-
adenosoylmethionine, which can also act as an antioxidant (Cavallaro et al. 2010). We 
also inspected genes involved in a more general stress response to determine if they are 
also upregulated in any of our transcriptomic data. To this end, we observed that many 
other genes involved in stress response in S. glossinidius exhibit significant upregulation 
in response to pH, relative to S. praecaptivus, albeit in a largely PhoP-independent 








Insect infection assays involving phoP and phoQ mutants 
The insect immune system combats invading pathogenic microbes by producing 
and secreting AMPs (Lemaitre and Hoffmann 2007). Some recently derived insect 
symbionts such as S. glossinidius are known to inhabit multiple host tissues, including the 
haemolymph (Cheng and Aksoy 1999), where they encounter host AMPs. The maize 
weevil Sitophilus zeamais maintains a symbiont that is a very close relative of S. 
praecaptivus and S. glossinidius known as Sitophilus zeamais primary endosymbiont 
(SZPE; Heddi et al. 1999). Unlike S. glossinidius, SZPE resides in a specialized host 
tissue known as the bacteriome, which contains a specialized set of immune factors that 
control the size of the symbiont population (Anselme et al. 2008). It was also 
demonstrated that the weevil host could produce an immune challenge to SZPE cells 
when microinjected into the haemolymph (Anselme et al. 2008). Thus, we chose to use S. 
zeamais for an in vivo immune challenge to assess the abilities of WT, ∆phoP, and 
∆phoQ mutant strains of S. praecaptivus, as well as S. praecaptivus with its native phoQ 
replaced with the S. glossinidius ortholog (Sg-phoQ), to maintain infection following 
intrathoracic microinjection. This yielded several surprising results (Figure 4.5): First, the 
S. praecaptivus ∆phoQ null strain demonstrated no significant reduction in its ability to 
persist in vivo in the insect host. Second, the S. praecaptivus strain that was engineered 
with an S. glossinidius phoQ ortholog maintained larger numbers of cells in the insect. 
Together these observations indicate that while the WT S. praecaptivus PhoQ does not 
play any significant role in mediating survival in vivo, the S. glossinidius phoQ ortholog 
seems to enhance survival, possibly due to its altered sensing capability.  In addition, the 






(and were not totally eliminated), suggested that S. praecaptivus has another means to 
activate genes involved in AMP resistance in vivo.   
 
Identification of a novel AMP resistance regulator in S. praecaptivus  
PhoP is known to regulate genes involved in LPS modifications that mediate 
resistance to AMPs (Mitrophanov et al. 2008; Pontes et al. 2011). However, the results of 
our in vivo assays suggested that AMP resistance genes might be subject to control by a 
PhoP-independent mechanism in S. praecaptivus. In order to understand this mechanism, 
we screened a library comprising greater than 34,000 S. praecaptivus transposon Tn5 
mutants in order to identify genes that facilitate polymyxin B resistance in vitro. 
Following replica plating of mutants on non-selective media and media containing 
polymyxin B, nine polymyxin B sensitive mutants were recovered.  The Tn5 insertion 
sites within these mutants were then identified using an inverse PCR and sequencing 
approach. Only one mutant was identified that contained a disrupted phoP allele. The 
remaining eight Tn5 mutants were found to contain insertions in the promoter region or 
coding sequence of a gene designated Sant_4061 in the S. praecaptivus genome 
annotation (Figure 4.6). In order to validate this finding, we confirmed that an 
independently generated knockout of Sant_4061 is sensitive to polymyxin B. 
Furthermore, resistance to polymyxin B was restored following complementation with 
Sant_4061
+
 in trans. 
According to domain-based (Finn et al. 2014) and structural prediction analyses 
(Zhang 2008), Sant_4061 is a member of the MarR (multiple antibiotic resistance 






regulators (typically repressors) that control the expression of genes involved in host 
immune resistance (Spory et al. 2002; Stapleton et al. 2002; Shi et al. 2004), antibiotic 
resistance (Poole et al. 1996), the oxidative stress response (Sukchawalit et al. 2001), and 
catabolism of aromatic compounds (Providenti and Wyndham 2001; for review see 
Wilkinson and Grove 2006).  The abundance of Sant_4061 mutants in our screen 
prompted us to check the representation of these mutants in our Tn5 library.  High-
throughput sequence analysis of the Tn5 library shows that the Sant_4061 mutants are 
highly represented in the library prior to the polymyxin B plate-based selection 
experiment (Figure 4.6).  This suggests that the inactivation of Sant_4061, or disruption 
of its promoter sequence, provides an adaptive advantage for growth in LB medium.  
This was confirmed by growth assays in LB media where an independently generated 
∆Sant_4061 mutant demonstrated a 39% increase in fitness over the WT strain (Figure 
4.6, panel B).   
 
Insect infection assays involving Sant_4061 mutants 
After identifying the role of Sant_4061 in S. praecaptivus as an important 
determinant of AMP resistance, we sought to determine its role in mediating survival in 
an insect host. This was achieved by comparing the abilities of WT, ∆Sant_4061, and a 
∆phoP+∆Sant_4061 double mutant to persist in Sitophilus zeamais following 
intrathoracic microinjection. The ∆Sant_4061 mutant displayed a significant reduction in 
its ability to persist in an insect host, relative to the WT strain (Figure 4.5). However, 
only the ∆phoP+∆Sant_4061 double mutant was completely defective in its ability to 










In this study we compared the sensory and regulatory capabilities of the two-
component PhoP-PhoQ system in the insect symbiont S. glossinidius and its free-living 
relative S. praecaptivus. In a previous study it was hypothesized that the ability of PhoQ 
to sense divalent cations had been attenuated in S. glossinidius in transition to an obligate 
static lifestyle in its insect host. This was based on the notion that the S. glossinidius 
PhoQ is not responsive to changes in the levels of divalent cations, and that a Mg
2+
-
binding patch in the PhoQ sensor protein is lacking in acidic amino acid residues that are 
known to participate in cation binding (Pontes et al. 2011). S. praecaptivus is the only 
non insect-associated member of the Sodalis-allied clade of insect symbionts and analysis 
of its genome sequence shows that it has not undergone any of the characteristic changes 
associated with genome degeneration in symbiotic life. Experimental comparisons 
between S. praecaptivus and S. glossinidius therefore provide an opportunity to 
characterize the molecular changes that accompany the transition from a free-living to 
symbiotic state.  
Analysis of the PhoQ sensor protein in S. praecaptivus reveals that it maintains 
one additional acidic amino acid residue in its sensory domain in comparison to its 
counterpart in S. glossinidius. This occurs as a result of a G > A transition that changes an 
aspartic acid residue at position 151 to an asparagine. Based on an alignment of PhoQ 






Candidatus Sodalis pierantonius, this mutation occurred only in the lineage leading to S. 
glossinidius, which is consistent with the notion that it is an adaptive mutation that has 
modulated the functionality of PhoQ in the S. glossinidius-tsetse fly symbiosis to ensure 
constitutive expression of genes facilitating AMP resistance.    
Based on assays of AMP resistance in vitro, the PhoQ homolog of S. praecaptivus 
is capable of sensing divalent cations under both acidic and neutral conditions.  
Transcriptomic analyses confirm this finding, indicating that the S. praecaptivus PhoQ is 




, which is typical of 
PhoQ function in a wide range of bacteria. However, the transcriptomic analyses focusing 
on S. glossinidius suggest that its PhoP-PhoQ system lacks the ability to differentiate 
between different conditions. It is interesting to note that the S. glossinidius PhoP-PhoQ 
system still seems to play a role in driving the expression of large numbers of genes 





concentration, supporting the observation that the PhoP-PhoQ system has undergone 
modifications that limit its ability to respond to canonical signals and instead results in a 
constitutive expression profile of PhoP-regulated genes in this organism. Moreover, it 
should be noted that the PhoQ of S. glossinidius can respond to changes in divalent cation 
concentrations, as we observed in the transcriptomic profile of the pseudogenes mgtC and 
mgtB, which are activated in low levels of divalent cations, but only at pH 5. This 
requirement of low pH for the expression of mgtCB may be a consequence of the loss of 
acidic residues in the Mg
2+
-sensing "acidic patch" of PhoQ, whose Mg
2+
-binding 
capability might be enhanced at a lower pH. Alternatively, the activation of the mgtCB 






Enterobacteriaceae in general. 





S. glossinidius, including the activation of pathways involved in cysteine and S-
andenosylmethionine production. The activation of these pathways in S. glossinidius may 
reflect a requirement to either limit oxidative stress in the bacteria or to increase 
production of cysteine for its insect host. Other pathways involved in stress response 
were also activated uniquely in S. glossinidius. However, neither the cysteine 
biosynthesis nor the stress response pathways exhibit a dependence on PhoP for their 
expression, identifying these as additional novel adaptations that likely result from 
obligate host association. The PhoP-PhoQ system is known to influence the expression of 
both type III secretion and motility genes in S. enterica (Adams et al. 2001; Beuzón et al. 
2001), and we observed a larger number of these genes in S. praecaptivus that displayed 
dependence on PhoP for their expression. The small number of type III secretion and 
motility genes influenced by PhoP in S. glossinidius likely reflects a regulatory 
decoupling of PhoP from the regulation of these genes in the symbiosis. 
The static host environment encountered by S. glossinidius is anticipated to have 
driven modifications in PhoP-PhoQ such that the system constitutively activates the 
expression of AMP resistance genes. In this study, we determined that the expression of 





 concentration. However, while an S. praecaptivus phoP mutant was found to 
be sensitive to AMPs in vitro, it was still capable of persisting in an insect host (in the 
presence of AMPs), unlike its S. glossinidius counterpart. In addition, an S. praecaptivus 






persist in an insect host, suggesting that there is no requirement for signaling between 
PhoQ and PhoP to mediate AMP resistance in the insect host. Furthermore, our results 
show that the replacement of the phoQ allele in S. praecaptivus, with its S. glossinidius 
counterpart, actually enhances bacterial survival in vivo. This suggests that modifications 
(mutations) in the S. glossinidius PhoQ protein have improved the capability of this 
protein to serve as a driver for PhoP-mediated activation of genes important for survival 
in the insect. This could be due to changes in the sensory capability of PhoQ, as 
postulated previously (Pontes et al. 2011), perhaps by negating the impact of a negative 
sensory interaction. Notably, there are several amino acid substitutions between the PhoQ 
homologs of S. praecaptivus and S. glossinidius and it will be of interest to delineate 
which one(s) are responsible for the change in functionality.   
Our work also revealed that PhoP is not the only transcriptional regulator 
involved in driving the expression of genes involved in AMP resistance in S. 
praecaptivus. By screening a Tn5 mutant library for AMP sensitive mutants, we 
identified a novel regulator (Sant_4061) that is also needed for AMP resistance in vitro. 
This protein is a member of the MarR family of transcriptional regulators that are found 
in a wide range of bacteria and respond to myriad environmental and intracellular signals 
to modulate gene expression. Consequently, a ∆phoP ∆Sant_4061 double mutant strain 
of S. praecaptivus was found to be incapable of persisting in an insect host. Interestingly, 
orthologs of Sant_4061 are maintained in S. glossinidius and other Sodalis-allied 
symbionts, based on BLAST analysis. However, a phoP mutant strain of S. glossinidius 
was found to be completely defective in vivo (Pontes et al. 2011), suggesting that AMP 






The transition from a free-living lifestyle to obligate host association is often 
accompanied by the loss of genes that provide an adaptive advantage in the free-living 
state but are no longer required in symbiosis. This includes genes encoding sensory and 
regulatory functions that have little adaptive value in a lifestyle in which the environment 
remains static. While PhoP is still required to drive the expression of important symbiotic 
determinants in the insect symbiont S. glossinidius, it has clearly undergone changes in 
its regulatory capabilities.  In addition, its cognate sensor, PhoQ, has undergone changes 
that have apparently enhanced its function in an insect host.  These results provide an 
example of how the process of evolution can modulate the functions of two-component 
regulatory systems to maintain their adaptive value in accordance with changes in 
signaling molecules.   
 
Materials and Methods 
Culture conditions 
Bacterial strains used in this study are listed in Table 4.1. Sodalis praecaptivus str. 
HS1 was grown at 30°C in LB or at 25°C in a defined medium composed of 6 g/L 
casamino acids, 4 g/L glucose, 0.2 g/L KCl, 7.0 g/L NaCl, 0.12 g/L NaHCO3, 0.18 g/L, 
0.18 g/L NaH2PO3, 10 mg/mL of thiamine, 10 mM or 10 mM of CaCl2, 10 µM or 10 mM 
MgCl2, and pH 5 or pH 7. When indicated antibiotics were added at the following 
concentrations unless otherwise indicated: 50 µg mL
-1
 polymyxin B, 40 µg mL
-1
 
spectinomycin, 30 µg mL
-1
 chloramphenicol, 50 µg mL
-1
 streptomycin, 10 µg mL
-1
 
gentamicin or 30 µg mL
-1
 kanamycin. Sodalis glossinidius was maintained at 25°C in the 






(Dale and Maudlin 1999) or in the same defined media described above. 
 
Phylogenetic analysis 
 Sequence alignments were generated using MUSCLE (Edgar, 2004) for the phoQ 
and 16S rRNA genes from S. praecaptivus, Ca. S. pierantonius, S. glossinidius, Dickeya 
solani, Yersinia mollaretii, and Salmonella enterica. Alleles used in this study were 
retrieved from Genbank under the following accession numbers: S. praecaptivus phoQ 
and 16S (CP006569.1), Ca. S. pierantonius phoQ and 16S (CP006568.1), S. glossinidius 
phoQ (AP008232.1) and 16S (NR_074525), Dickeya solani phoQ (AMWE01000003.1) 
and 16S (NZ_AMWE01000004.1), Yersinia mollaretii phoQ (NZ_CQDS01000001.1) 
and 16S (NZ_CQDS01000018.1), Salmonella enterica phoQ and 16S (NC_003197.1). 
PhyML (Guindon et al. 2010) was then used to construct phylogenetic trees using the 
HKY85 (Hasegawa et al. 1985) model of sequence evolution with 25 random starting 
trees and 100 bootstrap replicates. Sequences of the putative Mg
2+
-binding region were 
added below each strain name on the PhoQ tree.  
 
Construction of phoP and phoQ knockouts 
A plasmid construct consisting of approximately 500 bp of homologous sequence 
up and downstream of phoP with an internal kanamycin cassette was commercially 
produced (Genscript). Plasmid template was used for PCR amplification of the knockout 
construct. PCR products were gel purified to remove residual plasmid template using the 
QIAquick Gel Extraction Kit (Qiagen). A construct consisting of approximately 200 bp 






cassette was amplified and joined together using PCR as described previously (Shevchuk 
et al. 2004) using Phusion polymerase (Thermo Fisher). PCR products were then cleaned 
using AMPure XP magnetic beads (Beckman Coulter) according to the manufacturer’s 
recommendations.  
 
Replacement of S. praecaptivus phoQ with the S. glossinidius ortholog 
 PCR products consisting of 881 bases upstream and 944 bases downstream of S. 
praecaptivus phoQ were amplified using the following primers: #156: 
GCGGCGATGGTTGATGAATT, #177: 
TTGTGGCGTAACGGAAATAGGGTCATAGAGCCTAGTTAACATCAAAACG, 
#159: CATGGCGCGATTGGGAAATA, and  
#178: 
CAAGCGGCAGGGGCCTCAGCCCGAAGACAACTAAGCCCGGTTATGGGCG. 
The phoQ gene from S. glossinidius was PCR amplified using the following primers: 
#175: ATGACCCTATTTCCGTTACGC, #176: TCAGTTGTCTTCGGGCTGAG. These 
three PCR products were assembled together using PCR as described previously 
(Shevchuk et al. 2004). The resulting PCR product was then transformed into an S. 
praecaptivus ∆phoQ strain and transformants were selected on LB plates containing 
polymyxin B. Transformants were subsequently screened for spectinomycin sensitivity to 
confirm replacement of the spectinomycin resistance gene. The replacement of phoQ was 








Transformation of plasmid and knockout constructs 
WT S. praecaptivus was transformed with pKD3 containing the lambda red 
recombination genes and transformants were selected on LB agar plates containing 
appropriate antibiotics. Subsequent gene knockouts were generated as follows: cultures 
were grown in 25 mL of LB until the OD600 reached 0.4. Arabinose was added (0.5%) to 
induce expression of lambda red genes followed by an additional 30 mins of growth at 
30°C. Cultures were placed on ice for 10 minutes and centrifuged at 6,700 x g for 10 
minutes at 4°C and washed twice with ice-cold nuclease free water. Following the 
washes, the pellet was resuspended in the residual liquid and 80 µl aliquots of cells were 
transferred to chilled 1.5 mL tubes. 25-100 ng of DNA was added and cells were 
incubated on ice for 10 minutes. The entire volume was transferred to a chilled 1 mm 
electroporation cuvette and pulsed with 1.6 kV using an Eppendorf electroporator 2510. 
Cells were resuspended in 1 mL of LB and allowed to recover for 3 hours shaking (225 
rpm) at 30°C. Following recovery, cells were plated on LB agar plates containing the 
appropriate antibiotic. 
 
Complementation of phoP 
The WT phoP allele was amplified by PCR using the following primers: 
BamHI_phoP_comp_F1: ATGCGAGTTCTGGTAATAG and HindIII_phoP_comp_R1: 
AGAACTACGCAGGCTGCAGC. PCR products were cleaned using AMPure XP 
magnetic beads (Beckman Coulter) according to the manufacturer’s recommendations. 
PCR product and plasmid pKH66 were digested using BamHI and HindIII FastDigest 






with 1 µl of HindIII enzyme and 1 µl of a 1:140 fold dilution of BamHI enzyme in a 20µl 
reaction. PCR product was digested by combining 1 µg of plasmid DNA with 1 µl of 
both HindIII and BamHI enzymes in a 20µl reaction. Both plasmid and PCR digestions 
were incubated at 37°C for 10 min and 80°C for 5 min. Digested DNA was purified using 
AMPure XP magnetic beads (Beckman Coulter) according to the manufacturers 
recommendations and quantified using a NanoDrop Lite (Thermo Fisher). Digested insert 
and vector were ligated in a 2:1 ratio in a 20 µl reaction using 1 µl of T4 DNA ligase 
(Thermo Fisher) according to the manufacturers recommendations to produce the 
complementation plasmid pKH66/phoP
+. This plasmid was transformed into the ∆phoP 
mutant using the aforementioned protocol and transformants were plated on LB plates 
containing streptomycin and spectinomycin. Transformants were then screened for 
resistance to polymyxin B. 
 
Complementation of Sant_4061 
Plasmid pSE526 was made from pCM66 (Marx & Lidstrom 2001) by replacing 
the region between bases 3771-7486, containing the traA and kanamycin resistance 
genes, with a gentamycin resistance
 
gene by recombineering in E. coli CD31(Datsenko 
and Wanner 2000). The Sant_4061
+
 locus was PCR amplified using the following 
primers: #1277: 
GTAAAACGACGGCCAGTGAATTCCGACGACAGGATATCAGGGG and #1278: 
CAGCTATGACCATGATTACGCCAAGCTTAAAGTAATGCTGTCCGTGCG. 
Insertion of the Sant_4061
+
 gene into pSE526 was performed using homologous 






product were transformed together into TOP10 E. coli (Thermo Fisher) according to the 
manufacturer’s recommendations. Transformants were selected in L broth containing 
gentamicin. 
 
Antimicrobial peptide resistance assay 
Assays were performed using a modified version of a previously described 
method (Groisman et al. 1992). Briefly, 1 mL aliquots from 4 mL overnight cultures of S. 
praecaptivus WT and ∆phoP grown in LB were washed twice in 1 mL of 0.85% NaCl. 
After washing, the aliquots were inoculated in 4 mL of defined media containing 10 µM 




at pH 5 or pH 7 and grown for 3 hours at 30°C with shaking 
(225 rpm). Cultures were then washed twice and resuspended in 1 mL 0.85% NaCl. 100 
µl of each culture was diluted and plated on LB agar to determine the initial number of 
colony forming units (CFUs) in the culture. A negative control without AMP or 
Polymyxin B was then added to the remaining cells and incubated at room temperature 
for 1 hour. 100 µl of each culture was again diluted and plated on LB agar. CFUs mL
-1
 
were determined from each condition tested and standard errors were calculated. 
 
RNA isolation 
WT and ∆phoP S. praecaptivus were grown in 20 mL of LB overnight and 
washed twice with 10 mL of 0.85% NaCl and diluted to an OD600 = 0.01 in 20 mL of 
defined media. WT and ∆phoP S. glossinidius were grown in stationary 20 mL cultures 
of MM until the OD600 reached 0.13. Cultures were then placed in an orbital shaker and 






0.85% NaCl and diluted to and OD600 = 0.01 in 20 mL of defined media. Both S. 
praecaptivus and S. glossinidius were then grown at 25°C shaking (225 rpm) for 8 hours. 
Total nucleic acid content was extracted from each culture as described previously (Sung 
et al. 2003). Following nucleic acid extraction, RNA was purified using the PureLink 
RNA mini kit (Ambion) according to the manufacturer’s recommendations. To avoid 
biases in transcriptomic analyses, we excluded any additional rRNA removal steps in our 
sample preparation. Samples were submitted for library preparation according to the 
manufacturer's recommendations. Samples were multiplexed in a single HiSeq 2500 lane 
and sequenced using 50 bp single-end sequencing at the University of Utah sequencing 
core facility. All experiments were performed in triplicate. 
 
Comparative transcriptomics 
Sequence reads were filtered using NGSQCToolkit (Patel and Jain 2012) using 
optional settings -l 70 -s 20. Filtered reads were then mapped to the appropriate reference 
genome using bowtie2 (Langmead and Salzberg 2012) using the --very-sensitive preset. 
Counts of reads mapping to each gene were generated using HTSeq (Anders et al. 2015) 
by running htseq-count using the options -s no -a 0 -m intersection-nonempty -t gene. 
WT and ∆phoP replicate counts files from each condition were combined using custom 
Perl scripts. Combined counts files were then normalized and compared using DESeq2 
(Love et al. 2014). Significant differences in expression were identified as having 








Reannotation of S. glossinidius 
Prior to the discovery of S. praecaptivus, the annotation of recently established 
Sodalis-allied symbiont genomes was complicated by large numbers of pseudogenes and 
insertion sequence elements present in these genomes. Due to this fact, we sought to 
improve the sensitivity of transcriptomic data from S. glossinidius by reannotating its 
genome using the manually annotated genome of S. praecaptivus as a guide. This was 
accomplished using the "transfer annotations" feature built into Geneious version 8.1.7 
(Kearse et al. 2012) requiring 75% sequence identity for an annotation to be transferred. 
This annotation of S. glossinidius was then manually inspected for errors and any 
unannotated region larger than 100 bp was inspected for coding sequences using Blastx 
(Camacho et al. 2009).  
 
Weevil microinjection and screening 
Aposymbiotic Sitophilus zeamais weevils were generated by diluting 100 µl of a 
10 mg/ml solution of rifampicin dissolved in N,N-Dimethylformamide (DMF) into 2.9 
ml of nuclease free water and mixing this solution with 100 g of organic whole yellow 
corn (Purcell Mountain Farms). After the corn had dried for 16 hours, approximately 100 
weevils were added and allowed to oviposit in the corn for one week at 25°C and 62% 
relative humidity. 5th instar larvae were confirmed to be lacking bacteriome organs 
(aposymbiotic) by dissection. Newly emerged adults were microinjected by dipping the 
tips of capillary needles in overnight cultures of cells grown in LB and inserting the tip of 
the needle on the underside of the insect on the left or right side of the insect, between the 






14 days. Following incubation, 10 surviving weevils from each group were surface 
sterilized in a 10% bleach solution for 5 minutes and dried.  Insects were homogenized in 
100 µl of sterile nuclease-free water and serially diluted and plated on LB. Growth was 
assessed following a 24 hour incubation at 30° C. 
 
Transposon Tn5 mutagenesis 
 WT S. praecaptivus was mutagenized by electroporation with the transposon Tn5 
using the EZ-Tn5 method (Epicentre) as follows: 4 mL cultures were grown in LB at 
30°C overnight. 25 mL of fresh LB was then added and cultures were grown until the 
OD600 reached 0.4. Cultures were then placed on ice for 10 minutes followed by 
centrifugation at 6,700 x g for 10 minutes at 4°C. Cell pellets were then resuspended in 
20 mL of ice-cold nuclease free water. Centrifugation was repeated and cells were 
washed with 10 mL of ice-cold nuclease free water. Centrifugation was repeated and the 
supernatant was discarded. Cell pellets were resuspended in the residual liquid and placed 
on ice for 10 minutes. 80 µl aliquots of cells were then mixed with 1 µl of transposon and 
incubated on ice for 10 minutes. The entire volume was transferred to a chilled 1 mm 
electroporation cuvette and pulsed with 1.6 kV using an Eppendorf electroporator 2510. 
Cells were resuspended in 1 mL LB and allowed to recover for 3 hours shaking (225 
rpm) at 30°C. Following recovery, cells were spread on LB agar plates containing 
kanamycin. Mutagenesis was repeated until ~23,000 mutants were obtained. All Tn5 
mutants were then combined in LB + kanamycin in a single 50 mL culture and grown 
overnight at 30°C with shaking (225 rpm). DNA was isolated from a 1 mL aliquot of 






remaining culture were then mixed with 225 µl of sterile 80% glycerol and archived at -
80°C for subsequent experiments.  
 
Screening Tn5 mutants  
100 µl of the Tn5 mutant library was diluted in LB to 10
-7
 and plated on LB 
kanamycin. 10,000 mutants were screened by replica printing onto plates containing LB 
+ kanamycin and LB + kanamycin and polymyxin B. Colonies that grew on LB + 
kanamycin and did not grow on polymyxin B were characterized by inverse PCR to 
identify the site of Tn5 insertion. 
 
Inverse PCR to identify transposon insertions 
Individual Tn5 mutants were grown overnight in 4 mL cultures of LB with 
kanamycin at 30°C with shaking (225 rpm). 1 mL aliquots of each mutant were then 
mixed with 225 µl of sterile 80% glycerol and stored at -80°C. DNA from 1.5 mL of each 
culture was prepared using CTAB as described previously (Wilson, 2001). 500 ng of 
DNA was digested using the restriction enzyme HpyCH4IV (NEB) followed by heat 
inactivation according to the manufacturer's recommendations. 1 µl of digested DNA was 
then ligated in a 10 µl reaction using T4 DNA Ligase (Thermo Fisher) according to the 
manufacturer's recommendations. 1 µl of ligated template was then used in a 50 µl PCR 
reaction using 2X PCR Master Mix (Thermo Fisher) and primers F: 
GGGTGTTATGAGCCATATTCAACGGG, and R: 
CATCGATGATGGTTGAGATGTG. Thermocycling conditions were as follows: 95°C 






for 40 seconds followed by 1 cycle of 72°C for 5 minutes. PCR products were visualized 
in a 1% agarose gel stained with ethidium bromide and purified using AMPure XP 
magnetic beads (Beckman Coulter) according to the manufacturer's recommendations. 
Cleaned PCR products were submitted with primer F for Sanger sequencing at the 
University of Utah sequencing core facility. Chromatograms were analyzed using 
Geneious version 8.1.7 (Kearse et al. 2012). 
 
High throughput sequencing of transposon mutants 
DNA from the entire pool of Tn5 mutants was submitted for library construction 
and 50 bp single-end sequencing at the Huntsman Cancer Institute sequencing core at the 
University of Utah. Library construction was performed as described previously 
(Subashchandrabose et al. 2013). Briefly, DNA is sheared and sequencing adapters are 
ligated. Enrichment of transposon-chromosome junctions is performed by PCR using 
primers that anneal to the 3' end of the transposon and the sequencing adapter. 
Sequencing is then performed on the HiSeq 2500 using a primer targeting the end of the 
transposon. Sequence reads were filtered using the NGSQCToolkit (Patel and Jain 2012) 
using optional settings -l 70 -s 20. High quality reads were separated and trimmed using 
the "separate reads by barcode" function in Geneious version 8.1.7 (Kearse et al. 2012) to 
include only reads beginning with the last six bases of the Tn5 transposon. This tool also 
removes the six bases of transposon sequence from each filtered read. Reads were then 
mapped to the S. praecaptivus genome using the Geneious mapper with optional settings 
"minimum overlap identity" 100% and "maximum mismatches per read" 0%. Alignment 






option enabled. Because the Tn5 transposon duplicates a nine base insertion sequence, 
the alignment file was curated to include only the first or last nine bases of forward or 
reverse sequence, respectively, using custom Perl scripts. Reads were then counted and 
visualized according to the first base of the insertion site. 
 
Growth curves of S. praecaptivus 
S. praecaptivus strains were grown overnight in 4 mL cultures of LB shaking (225 
rpm) at 30° C. The following morning each culture was diluted to an OD600 = 0.01 in 
fresh LB or LB + polymyxin B. Cultures were incubated with shaking (225 rpm) at 30° 
C. OD600 measurements were recorded every hour for 10 hrs. Each strain was grown in 
triplicate and the average OD600. Error bars show standard error of the mean. 
 
Comparison of predicted structures of Sant_4061 and MarR 
 Amino acid sequences from Sant_4061 and MarR from Escherichia coli str. K-12 
substr. MG1655 were submitted for structural prediction using the I-TASSER online 
submission tool (Zhang 2008). Protein structures were aligned using the PyMOL 
Molecular Graphics System, Version 1.7.4 (Schrödinger LLC). Following alignment each 
structure was manually placed side-by-side for visual comparison. Sequences are 
available from GenBank under the following accession numbers: Sant_4061 
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Table 4.1. Bacterial strains used in this study 
Strain Genotype (Source) 
S. praecaptivus WT (Clayton et al., 2012) 
S. praecaptivus phoP::kan (this study) 
S. praecaptivus phoP::spc (this study) 
S. praecaptivus phoQ::spc (this study) 
S. praecaptivus Sant_4061::gen (this study) 
S. praecaptivus phoP::kan+Sant_4061::gen (this study) 
S. praecaptivus phoQ::S. glossinidius phoQ (this study) 
S. glossinidius WT (Pontes et al., 2011) 





Figure 4.1. Phylogeny of S. praecaptivus and related Sodalis-allied endosymbionts and 
free-living bacteria based on maximum likelihood analyses of the phoQ coding sequence 
(1.45 kbp) and 16S rRNA (1.46 kbp). Sequences below strain names on the phoQ 
phylogeny show the amino acids sequences of the Mg
2+
-binding site within PhoQ, with 
acidic residues highlighted in bold. The numbers adjacent to nodes indicate maximum 

























Figure 4.2. Survival rates of WT and phoP mutant S. praecaptivus after 3 hours of growth 




at pH 5 or 7 followed by a one-



















Figure 4.3. Number of genes exhibiting significant expression changes (adjusted p-value 





at pH 5 or pH 7. Pairwise comparisons of WT or a phoP mutant are 
shown below, while comparisons of WT and a phoP mutant grown in the same 
























Figure 4.4. Heatmaps depicting log2fold changes in expression of genes involved in 




 concentrations and pH as well as other pathways 
containing large numbers of genes showing significant differences in expression. 
Conditions being compared in each column are shown at the top. Log2fold differences 
are colored as an increase (red) or decrease (green) in expression in the second condition 









pH 5 etc. Genes are grouped by broad 
functional categories that exhibited significant changes in our data. Statistically 
significant log2fold changes (adjusted p-value < 0.05) are marked with a white asterisk in 
the top right corner of the box. Pseudogenes are marked by a white "x" in the lower left 




















































Figure 4.6. Distribution and sequence coverage of Tn5 mutants in the S. praecaptivus 
genome are depicted as a histogram  (A, Upper). Note that mutations affecting Sant_4061 
are the most abundant in the library, following growth in LB media. The zoomed in 
regions of the histogram reveal the distribution and abundance of Tn5 mutants in the 
genomic regions encoding phoPQ and Sant_4061 (in red), with the mutants recovered in 
the screen for polymyxin B sensitivity highlighted in orange, with the number of 
recovered mutants shown above each column. Growth curves for WT S. praecaptivus and 
Sant_4061 and phoP mutants grown in either LB or LB + Polymyxin B (PB) for 10 hours 






Figure 4.7. Structural prediction of Sant_4061 (left) and MarR (E. coli; right). Structures 
are colored from N to C termini in red to blue respectively. The DNA-binding helix-turn-





















 Bacteria colonize an extraordinary variety of environmental niches, including the 
living tissues of many plants and animals. The successful colonization of a novel 
environment depends in part on the ability of an organism to modulate its gene 
expression in accordance with environmental conditions.  However, when bacteria 
transition from a generalist to specialist lifestyle, they often undergo a process of genome 
degeneration that is accompanied by the loss of genes encoding transcriptional regulators. 
In this study we analyze the fate of a population of bacteria that were subjected to 
genome-wide transposon mutagenesis and then transferred into a range of static, novel 
environments. By analyzing the frequencies of mutants in the population before and after 
transfer, we determine the identity of genes that yield positive and negative effects on 
fitness.  Strikingly, we found that the inactivation of genes encoding transcriptional 
regulators, particularly those with global regulatory functions, often confer an adaptive 
advantage following transition to a novel, static environment. While global gene 
regulation is expected to provide an energetically favorable means to facilitate large-scale 
changes in gene expression, our results show that it can also constrain fitness as a 
consequence of transcriptional misdirection in novel environments. The loss of genes 
encoding global regulators is therefore expected to provide substantial fitness advantages 
following the transition to a novel lifestyle, as occurs during obligate host-association.  
  
Introduction 
 Genome sizes vary widely among bacteria, ranging from just over 100 kbp to 






bacterial gene inventory determines its metabolic and phenotypic plasticity in that 
bacteria with larger genomes can persist in more dynamic and diverse environments as a 
consequence of their ability to utilize different nutrients and adjust to environmental 
changes (Helmann 2002; Cases et al. 2003; Konstantinidis and Tiedje 2004). In addition, 
bacteria with larger gene inventories tend to maintain more genes that perform sensory 
and regulatory functions (Konstantinidis and Tiedje 2004; Hottes et al. 2013), which help 
to maintain an optimum profile of gene expression in accordance with environmental 
circumstances (Cases et al. 2003; Ralston 2008; Pérez-Rueda et al. 2009; Rivera-Gómez 
et al. 2011). Bacteria with smaller genomes, such as obligate intracellular pathogens and 
mutualists, maintain relatively few regulatory systems (Moran 2002; Dinan et al. 2014), 
presumably reflecting relaxed selection on the requirement to modulate gene expression 
in a static symbiotic lifestyle (Merhej et al. 2009; Pérez-Rueda et al. 2009).  
In bacteria, gene expression is modulated by proteins that sense stimuli and 
transduce signals through regulatory networks that ultimately yield adaptive changes in 
gene expression (Ralston 2008; Balleza et al. 2009).  Gene expression changes are 
mediated by the ability of regulatory proteins to modulate the physical transcriptional 
landscape, either directly or indirectly, in a site-specific manner that is mediated at a level 
that ranges from local to global (Balleza et al. 2009). Local regulation affects only a 
single metabolic or biochemical process and is often mediated by a single transcription 
factor that modulates the transcription of an individual gene or an operon containing 
genes that contribute a common function. One archetypal example is the lac operon, 
which is controlled transcriptionally by the Lac repressor, a protein that negatively 






(Lewis 2005).  
Global regulators often have pleiotropic functions and can modulate the 
transcription of large numbers of genes involved in diverse processes. This can be 
achieved through the use of a regulatory protein that interacts directly with the promoter 
sequences of a large number of genes, in the same manner as in local regulation.  For 
example, the PhoP transcriptional regulator is responsible for activating genes involved in 
virulence and adaptation to the host environment (Belden and Miller 1994).  PhoP 
modulates gene expression by binding directly to a 17 bp palindromic repeat located in 
the promoter region of target genes known as the PhoP-box (Navarre et al. 2005; Zwir et 
al. 2005). However, PhoP is also known to activate the expression of other regulatory 
proteins, including the global regulator SlyA, and the two component systems RstA-RstB 
and PmrA-PmrB (Minagawa et al. 2003; Kato and Groisman 2004). By invoking a 
cascade of transcriptional regulation, the expression of a large number of target genes can 
be modulated in response to a single stimulus without requiring PhoP to bind at each 
gene promoter. Using regulatory cascades, information from multiple signals can be 
integrated to form a collective response of global gene regulation that is optimized to 
perform specific cellular tasks or facilitate survival in a certain environment where 
substantial change in bacterial gene expression would be advantageous (Figure 5.1).  
Global regulation is anticipated to greatly reduce the energetics and complexity of 
gene regulation relative to the use of myriad local regulators (Martínez-Antonio and 
Collado-Vides 2003). However, it lacks the flexibility of local regulation because it is 
typically responsive to only a single signal in the environment. For example, PhoP is 
controlled by a sensor kinase, PhoQ, which senses levels of Mg
2+






environment, primarily as a means to control the transcription of genes involved in Mg
2+
 
transport (Soncini et al. 1996; Kato et al. 1999; Moncrief and Maguire 1999; Zhou et al. 
2005).  However, since levels of Mg
2+
 are reduced in the intracellular environment, the 
PhoPQ system has evolved the capability to also regulate genes involved in virulence, 
including type III secretion and lipid A modification, which provides resistance to 
antimicrobial peptides (García Véscovi et al. 1996; Groisman 2001; Kato and Groisman 
2008).  Thus, global regulators can facilitate the expression of myriad distinct traits in a 
given environment when a certain signal is encountered.  However, if a bacterium 
encounters a novel environment in which an established signal is present, the resulting 
“pre-ordained” transcriptional response might be maladaptive in that particular 
environment.   
In this study, we explore the adaptive potential for gene loss in Sodalis 
praecaptivus, which is a progenitor of the Sodalis-allied clade of insect endosymbionts. 
Previous work has shown that bacteria closely related to S. praecaptivus have developed 
obligate, symbiotic associations in a wide range of insect hosts (Clayton et al. 2012). 
Here, we used transposon Tn5 mutagenesis and sequencing (Tn-seq) to characterize 
bacterial mutants that provide adaptive benefits upon transition to novel environments, 
including an insect host that normally harbors a very closely related and recently derived 
associate of S. praecaptivus (Oakeson et al. 2014). Tn-seq is an attractive experimental 
platform because it can be used to classify genes according to their essentiality in a given 
environment (van Opijnen et al. 2009).  However, in the current study our major goal was 
to use it as a means to identify null (gene inactivating) mutations that increase in 






Our initial Tn5 mutant library was assessed by high throughput sequencing of PCR-
enriched transposon-chromosome junctions and provides a qualitative and quantitative 
measure of the abundance of each mutant in the population. The S. praecaptivus Tn5 
mutant library was then passaged in several novel environments and resequenced to 
determine the impact of the environmental transition on the mutant population. 
Strikingly, mutants maintaining Tn5 insertions in genes encoding global transcriptional 
regulators reached high frequencies in the majority of conditions tested, indicating that 
the loss of global regulators often provides an increase in fitness in a novel, static 
environment. These results highlight the antagonistic pleiotropy that arises as a 
consequence of regulatory misdirection, highlighting the fact that global gene regulation 
presents a trade-off between operational cost and functional optimality. 
 
Results 
Initial sequencing of the Tn5 library 
Sequence analysis of the Tn5 mutant library was performed by extracting total 
DNA from a combined population of mutants. Junctions between the transposon ends and 
the bacterial chromosome were then amplified and sequenced on an Illumina HiSeq 
platform to assess the abundance and diversity of the initial library of mutants. Based on 
post hoc analysis of data from all experiments in this study, the library comprises mutants 
with Tn5 insertions located in at least 34,268 sites throughout the genome, equating to 
one Tn5 insertion per 141 bases of genomic DNA (Figure 5.2). Many genes involved in 
replication, transcription and translation contained no Tn5 insertions, consistent with the 






mutants in Sant_4061, uvrY, wzb, and flhD increased in frequency immediately after the 
construction of the mutant library (Figure 5.2A). This could be explained as a 
consequence of either an increased frequency of insertion of Tn5 elements into these 
particular loci, or as a result of an increase in fitness that is derived from the disruption of 
these genes. To test this, we performed a fitness assay comparing the growth rates of 
independently generated mutants in these four loci with the wild-type (WT) strain that the 
Tn5 library is derived from (Figure 5.3A). This assay revealed that the ∆flhD, ∆uvrY, and 
∆Sant_4061 mutants grew at a significantly faster rate than the WT strain (Figure 5.3A). 
However, no significant difference was observed between the ∆wzb mutant and the WT 
strain when grown alone in laboratory media.  It is possible that the ∆wzb mutant only 
shows a growth advantage in a mixed population of mutants in the initial library because 
it derives factors from members of the population that maintain a functional wzb allele.  
Notably, Wzb is a phosphotyrosine protein phosphatase involved in regulating the 
production of the exopolysaccharide (EPS) colanic acid (Vincent et al. 2000). In the 
absence of wzb, production of EPS is inhibited due to constitutively phosphorylated Wzc 
(Vincent et al. 2000), likely providing a cost savings in terms of reduced EPS production.   
In the course of our experiments, we observed that the ΔSant_4061 and ∆flhD 
mutants did not display the typical swarming motility that is apparent in the WT, ∆uvrY, 
and ∆wzb strains during growth on LB plates containing 1.5% agar (Figure 5.3B). In 
order to determine the reason for this loss of motility, we stained these strains to 
characterize their flagella. We observed that rod-shaped WT cells are coated with many 
lateral flagella filaments that are lacking in the ∆Sant_4061 and ∆flhD mutants, which 






flagellae, whereas the ∆flhD mutant produced no observable flagellae (Figure 5.3C). This 
fits with the observation that the WT, ∆uvrY, and ∆wzb strains display swarming motility 
while the ΔSant_4061 mutant displays swimming motility (Figure 5.3D). According to 
PFAM (Finn et al. 2014) and BLAST (Camacho et al. 2009) analysis, Sant_4061 shares a 
high level of sequence identity with members of the MarR family of transcriptional 
regulators (Wilkinson and Grove 2006), consistent with the notion that it plays a role in 
gene regulation, which includes the switching of flagellar gene expression. In the context 
of explaining the fitness advantage of the Sant_4061 mutant, we anticipate that the switch 
from lateral to either polar or no flagellar expression provides a significant cost savings in 
terms of transcription and translation because lateral flagella filaments account for a large 
proportion of cellular protein. In addition, it is conceivable that the growth advantage of 
the ∆Sant_4061 mutant is enhanced by other changes in gene expression.  
Unlike the ΔSant_4061 mutant, a ΔuvrY mutant retains its ability to engage in 
swarming motility (Figure 5.3B), indicating that its growth advantage is derived from an 
independent trait rather than a switch in phenotype with respect to motility. In 
Escherichia coli, the UvrY/BarA system regulates the expression of genes involved in 
carbon metabolism and biofilm formation (Suzuki et al. 2002). Interestingly, it has been 
shown that E. coli lacking UvrY exhibit an increased rate of growth over their WT 
counterpart in LB medium due to more efficient utilization of carbon in the form of 









In vitro passage in LB media with different supplements 
In order to identify adaptive mutations in our Tn5 library, we passaged the library 
in stationary cultures of LB, with and without a range of additives that were selected in 
order to impose different selection pressures. Not surprisingly, the passage of the library 
in LB that had only kanamycin added (simply to select for cells carrying Tn5 insertions 
and therefore prevent growth of any contaminants) yielded the near fixation of mutants 
containing insertions within and upstream of Sant_4061, which after twenty days were 
found to comprise 82.6% of all sequence reads obtained from the high throughput Tn5-
specific sequencing protocol (Figure 5.4). The fixation of mutants in the Sant_4061 locus 
confirms the potent growth advantage conferred by the loss of this regulator during 
growth in LB.  
In order for a bacterial pathogen to survive in a host it must overcome or evade 
the host’s immune system. Phagocytic immune cells of animals are known to produce 
and challenge invading pathogens using H2O2 (Baehner et al. 1975). We therefore sought 
to determine if there were adaptive Tn5-mediated mutations that yielded a fitness 
advantage in the presence of this stressor.    However, under these conditions, we again 
found that mutants with Tn5 insertions in Sant_4061 provided the largest fitness gain 
with 94.0% of reads mapping within and upstream of this locus (Figure 5.4).  Of course 
this does not exclude the possibility that there are adaptive advantages associated with the 
loss of one or more gene functions in the presence of H2O2, but rather that any such 
advantages are lost in competition with the Sant_4061 mutant.  
The immune cells of both plants and animals are also known to produce and 






greatest fitness advantage in the presence of AMPs, the Tn5 library was passaged in LB + 
kanamycin supplemented with either polymyxin B or the insect immune peptide, 
cecropin A. Notably, in both experiments, the Sant_4061 mutants were eliminated from 
the population, suggesting that Sant_4061 is required for resistance to AMPs. To validate 
this notion, we tested the abilities of WT and selected mutant strains of S. praecaptivus to 
grow in the presence of polymyxin B and cecropin A (Figure 5.5). As expected, the 
∆Sant_4061 mutant failed to grow in the presence of either of these AMPs, along with 
∆phoP and ∆phoQ mutants, which are known to be susceptible to AMPs based on 
previous work (Miller et al. 1990; Groisman et al. 1992; Pontes et al. 2011). This 
indicates that the Sant_4061 regulator controls both flagellar motility and antimicrobial 
peptide resistance. 
 Analysis of the mutant population recovered following growth in polymyxin B 
revealed that mutants in each of four alleles displayed a significantly increased frequency 
in the population (Figure 5.4). The most abundant mutant in the polymyxin B passage 
contains insertions in a gene encoding predicted glycosyltransferase protein, designated 
Sant_1157. This locus is organized in an operon upstream of Sant_1158, which encodes 
an O-antigen ligase that may play a role in the modification of bacterial 
lipopolysaccharide (LPS) thereby increasing resistance to AMPs. This would make sense 
as the negatively charged lipid A portion of LPS is a canonical site for cationic AMP 
interaction with the bacterial membrane (Epand and Vogel 1999). Alternatively, the 
Sant_1157 mutant may inhibit a modification to LPS by Sant_1158 that otherwise 
increases susceptibility of the bacterial membrane to damage resulting from polymyxin B 






and Sant_2323) are both predicted to encode transcriptional regulators, one of which, 
slyA, is known to have global functions (Linehan et al. 2005). Sant_2324 is located in an 
operon with the transcriptional regulator Sant_2323, however the function of these genes 
remains unknown. 
Although polymyxin B and cecropin A are both amphipathic AMPs, a different 
profile of mutants was observed following passage in LB containing cecropin A (Figure 
5.4). The most abundant mutants in the cecropin A passage contained insertions in the 
genes wza and wzb. Studies in E. coli and Bacillus subtilis show that these mutants are 
unable to produce EPS and have increased activity of Ugd, an enzyme involved in the 
production of UDP-Glucuronic acid (Grangeasse et al. 2003), which is converted into 
UDP-4-amino-4-deoxy-L-arabinose by the enzymes ArnA and ArnB (Breazeale et al. 
2003). The addition of L-Ara4N to LPS by ArnT raises the net charge of the lipid A core 
thereby changing its propensity to bind AMPs (Trent et al. 2001; Breazeale et al. 2003). 
Based on our results, it seems likely that such a change reduces the efficiency of binding 
of cecropin A, but may have the opposite effect with polymyxin B, based on the fact that 
mutants with Tn5 insertions in the wzb locus were absent in the polymyxin B passage. 
Another highly represented mutant in the cecropin A passage contained insertions in 
Sant_3474. This locus encodes a putative regulatory protein of unknown function that 
shares highest sequence identity with the Cro/CI family of transcriptional regulators. 
Notably, several other mutants that reached high frequency following passage in the 
presence of cecropin A also contained Tn5 insertions in genes that are anticipated to 








 S. praecaptivus is the only member of the Sodalis-allied clade of insect 
endosymbionts to be found outside of an insect host. It is clear that close relatives of this 
bacterium have established mutualistic associations with a wide range of insect hosts 
(Clayton et al. 2012).  One such association that is predicted to be of very recent origin 
involves grain weevils and Ca. Sodalis pierantonus (Oakeson et al. 2014). To identify 
mutations in S. praecaptivus that provide an adaptive advantage in an insect host, we 
microinjected the Tn5 library into newly emerged adult grain weevils (Sitophilus 
zeamais) that had been treated three generations prior with an antibiotic, rifampicin, 
which removed their native symbiont. After three days following injection into an 
aposymbiotic weevil, bacteria were recovered and processed for Tn-seq. The resulting 
sequence data shows that the number of Sant_4061 mutants was reduced in comparison 
to the initial library but remained at a relatively high frequency within the population.  
Notably, several other mutants had increased greatly in abundance.  Since greater than 1 
million colony forming units were injected into the weevil and greater than 1 million 
colony forming units were recovered by plating, the increased abundance of certain 
mutants is explained by fitness benefits rather than bottlenecking of the Tn5 library. The 
most abundant of these mutants contains insertions within the regulatory locus 
Sant_3474, making up 12.7% of all Tn5 sequence reads derived from this population. In 
addition, there was a high frequency of mutants with Tn5 insertions located in 
Sant_2513, which encodes another putative regulatory protein.  It is interesting to note 
that mutants with Tn5 insertions in both Sant_3474 and Sant_2513 were also found to 






implying that these mutants have an advantage under conditions involving challenge with 
insect immune peptides.     
We also sequenced the Tn5 library following an 11-day passage in weevils and 
the resulting data shows an almost complete saturation of mutants with Tn5 insertions in 
Sant_3474, collectively comprising 99.9% of all sequence reads. In order to assess the 
validity of this result we injected the Tn5 library into five additional weevils and then 
plated homogenates from these insects at 11 days following injection.  Five bacterial 
colonies were picked at random from each weevil and the Sant_3474 locus was amplified 
by PCR to determine if it contained a Tn5 insertion. The results show that 24/25 of the 
mutants from these weevils had a Tn5 insertion in Sant_3474, indicating that our original 
result was not simply a chance event and that the loss of the Sant_3474 regulatory system 
does indeed provide a significant fitness advantage in the insect host. 
 
Leukocyte passage 
Since S. praecaptivus was derived from a human infection, we wondered how the 
mutant library would be affected by exposure to mammalian leukocytes. Thus, we also 
passaged the mutant library in media containing mouse bone marrow leukocytes, which 
are predominantly comprised of neutrophils (Swamydas and Lionakis 2013). These 
antimicrobial cells are capable of engulfing bacteria and unleashing an arsenal of 
bactericidal toxins including antimicrobial peptides, lysozyme, oxidants, and proteases 
(Gallo et al. 1997; Segal 2005).  However, certain pathogenic bacteria (including S. 
praecaptivus) are able to persist inside the phagosomes of these cells (Ernst et al. 1999). 






Tn5 library were introduced into a culture of freshly isolated leukocytes and, after 48 
hours, the leukocytes were washed with PBS, homogenized to release intracellular 
bacteria and greater than 1 million of the resulting colonies were recovered for Tn-seq 
analysis. In this experiment there were no dominant mutants that rose to a frequency of 
greater than 0.17% in the entire population. Indeed, this experiment yielded a dataset that 
was more balanced in terms of mutant diversity than any other in the experiment, 
including the initial library that served as the seed for this experiment.  Of the mutants 
that did show increased frequency in this library, the most abundant was found to contain 
insertions in ibpA, which encodes a putative heat shock protein (Kitagawa et al. 2002), 
though it is unclear how the inactivation of this gene provides an adaptive benefit within 
cells. The next most abundant mutant contains insertions in the wzb gene, which was also 
the most abundant mutant in the cecropin A passage, suggesting that it may be 
advantageous in the leucocytes because it enhances resistance to AMPs. Furthermore, 
another abundant mutant with insertions in Sant_3179 (encoding a transcriptional 
regulator) was also abundant following cecropin A passage, suggesting that it provides a 
similar advantage in AMP resistance. However, the major conclusion from this 
component of the experiment is that there are few highly adaptive options for gene 
inactivation in this environment.  This may be due to the fact that the gene inventory and 
regulatory systems of S. praecaptivus are attuned towards survival inside mammalian 









Collective analysis of genes encoding putative transcriptional regulators 
Based on the fact that genes encoding putative transcriptional regulators were 
often identified as the most highly adaptive null mutants following passage of our Tn5 
library, we sought to determine if there was a universal skew in abundance of mutants 
that carry Tn5 insertions in genes encoding regulatory proteins in S. praecaptivus 
following our experimental passages.  After ranking genes in accordance with numbers of 
Tn5 insertions, a Mann-Whitney test revealed no significant difference between genes 
that are anticipated to encode transcriptional regulators versus those with an alternative 
function.  However, more detailed inspection of the data revealed that genes predicted to 
encode certain transcriptional regulators (often predicted to have global regulatory 
functions) are often highly represented among those with the most Tn5 hits (Figure 5.6).  
This provides strong evidence that global regulators often present the highest adaptive 
options for inactivation following transition to a novel environment.  
 
Identification of essential genes 
Tn-Seq is often used as a means to identify genes that are essential under certain 
environmental conditions such as host association (Sassetti et al. 2003; Gawronski et al. 
2009; Khatiwara et al. 2012; Subashchandrabose et al. 2013; Klein et al. 2015).  The 
rationale is that mutant strains carrying transposon insertions in essential genes will be 
eliminated from the population by selection. Of course, there are a number of genes in the 
genome that are essential for survival in any environmental setting because they play a 
role in core processes of replication, transcription, and translation. Thus, we used a 






This was achieved by pairwise comparison of the Tn-seq datasets from the initial and 
derived libraries. The rationale is that mutants carrying insertions in genes involved in 
core processes have already been eliminated by selection in the initial library. Subsequent 
cultivation of the library in a novel environment should then reveal the identities of genes 
that are conditionally essential for survival in that environment, based on the notion that 
these genes will not contain Tn5 insertions. As evidenced in the current study, certain 
mutants tend to increase in frequency as a consequence of enhanced fitness in the 
population under selection, skewing the representation of mutants in the library and 
increasing the likelihood of false discovery of essential genes.  This effect can be 
visualized in scatter plots that show the counts of Tn5 insertions for each gene in the 
initial and derived libraries (Figure 5.7).  In the absence of skew, only a small fraction of 
genes are expected to undergo changes in the number of Tn5 insertions due to conditional 
selection, and therefore the majority of points on the scatter plots are expected to fall on 
the line of equality.  Notably, only the comparisons involving the cecropin A, weevil day 
3, and mouse leucocyte datasets fulfill this criterion, indicating that the remaining 
libraries have been subject to skew.  
To address the issue of false discovery of essential genes due to the 
aforementioned effects, we tracked the incidence and frequencies of Tn5 insertions in 39 
loci that are anticipated to have no adaptive value because they encode pseudogenes that 
are disrupted by at least one nonsense or frameshifting mutation in the first 75% of their 
putative coding sequences. This data was used to estimate probabilities of false discovery 
(FDP) of essential genes based on changes in Tn5 counts and sites between the initial and 






As expected, only the cecropin A, weevil day 3, and mouse leucocyte datasets maintain 
sufficient Tn5 diversity in these pseudogenes relative to the initial library to facilitate 
discovery of essential genes. However, it should be noted that this analysis does not 
assess the ability of the experiment to provide sufficient selection against cells that 
contain Tn5 insertions in essential genes, which is another important element of false 
discovery. Notably, of these three libraries only the cecropin A and mouse leukocyte 
datasets contains no Tn5 insertions in either the phoP or phoQ loci, which are anticipated 
to be essential for survival in these environments (Figure 5.7).  Analysis of the weevil 
day 3 data indicates that Tn5 insertions are eliminated entirely from the phoP coding 
sequence but not from phoQ.  Since PhoP and PhoQ are thought to function in synergy as 
a two-component system (Garcia Véscovi et al. 1994), this may indicate that the three-
day incubation in weevils does not provide a sufficient selection pressure to eliminate all 
mutants with Tn5 insertions in essential genes.  For this reason, we refrain from further 
discussion of the data derived from the weevil day 3 passage and focus only on the data 
derived from passage of the mutant library in cecropin A and mouse leukocytes.       
Inspection of the cecropin A dataset indicates that there are many genes that are 
known (from experimental studies) to be essential for antimicrobial peptide resistance, 
including Sant_4061 (Figure 5.5), phoP/phoQ (Bader et al. 2005), and the arn genes 
(Figure 5.7), which are involved in modifying the lipid A molecule (Trent et al. 2001; 
Breazeale et al. 2003).  These all reside at the top of the list of predicted essential genes 
and have the highest levels of statistical support.  In addition, the list of predicted 
essential genes is replete with candidates that are anticipated to play a role in 






antimicrobial peptides are known to interact with bacterial cellular structures (Epand and 
Vogel 1999).  At a broad level, this suggests that there are myriad perturbations in the 
cell wall that can increase susceptibility to cecropin A.  One surprising finding in this 
dataset is the high support for the essentiality of genes encoding a glycine cleavage 
system (gcvP and gcvT) in cecropin A resistance.  These genes have not been 
demonstrated experimentally to play a role in AMP resistance, although they were 
recently shown to be transcriptionally upregulated in response to nodule-specific 
cysteine-rich AMPs in Sinorhizobium meliloti (Tiricz et al. 2013).  
Similarly, following passage in mouse leukocytes, our analysis provided strong 
statistical support for the notion that phoP, phoQ, and the arn genes are essential for 
survival in this environment.  In addition, there are many predicted essential genes that 
are thought to play a role in membrane/cell wall biogenesis and protein secretion.  
Curiously, these are enriched in genes encoding proteins that function to maintain cell 
shape (e.g. Mrd/Mre family members, ZipA, and RodC) and likely serve to protect the 
cell against the myriad stresses that are encountered inside the leukocyte.  To this end, it 
is also interesting to note that many genes involved in the bacterial stress response are 
also predicted to be essential for survival in mouse leukocytes. We also observed that the 
holD gene, encoding the psi subunit of DNA polymerase III, is predicted to be essential 
for survival in mouse leukocytes. It is known that the phagosomal vacuoles of neutrophils 





, thereby activating and releasing proteases responsible for microbial killing 
(Segal, 2005).  Experimental studies show that holD is required to maintain efficient 






it is notable that our analysis provides strong support for the essentiality of genes 
encoding the ribonucleoside-diphosphate reductase subunits (nrdA and nrdB), which play 
an important role in DNA synthesis under aerobic conditions (Fontecave et al. 1992). 
 
Discussion 
The genomes of bacteria inhabiting dynamic environments have evolved to 
facilitate survival under changing environmental conditions in the generalist lifestyle 
(Kitano 2007). The maintenance of a diverse gene inventory mandates the use of 
regulatory systems to ensure that proteins are expressed and active under conditions in 
which their functions are adaptive. As such, free-living or facultative host-associated 
bacteria maintain myriad transcriptional regulators that respond to both intracellular and 
extracellular signals, to direct the expression of genes and maximize the operational 
efficiency of the cell. Some of these regulators operate at a local level, controlling 
singular metabolic processes, whereas others have evolved to orchestrate global, 
pleiotropic functions such as virulence. For bacteria that participate in generalist 
lifestyles, the evolution of global gene regulation has likely been driven by the 
competitive pressure to survive in diverse environments while maintaining a low 
operational cost of transcriptional regulation.  
When bacteria adopt obligate associations with plants and animals, they undertake 
a fundamental switch from a generalist to specialist lifestyle.  Many of the gene functions 
that were required for survival in a dynamic lifestyle are no longer necessary in the static, 
host-associated lifestyle. In addition, the plant or animal host is often replete with 






these characteristics facilitate relaxed selection on a large number of genes, resulting in a 
process of genome degeneration and streamlining, dramatically reducing the size of the 
bacterial gene inventory (van Ham et al. 2003; Moran et al. 2009; McCutcheon and 
Moran 2011; Bennett and Moran 2013) and engendering metabolic specialization and 
host dependence (Delaye and Moya 2010; McCutcheon and von Dohlen 2011; Van 
Leuven et al. 2014). Notably, genes encoding transcriptional regulators are lost early in 
the process of genome degeneration, as evidenced by comparative analysis of genes 
encoding putative regulatory proteins in the Sodalis-allied symbionts (Figure 5.8).  
In the current study, we used a high throughput, Tn-seq screen to analyze the fate 
of a population of transposon mutants that were transferred to several novel 
environmental conditions. This population has a high density of Tn5 insertions (0.007/bp, 
genome-wide), such that the majority of viable null mutants are represented among its 
members. This facilitates the identification of adaptive and deleterious mutations when 
the population is subjected to selection during growth in a novel environment. We are 
particularly interested in understanding the selection pressures that operate in the early 
stages of genome degeneration, following transition to a novel, static environment. While 
it is widely accepted that genetic drift is responsible for the majority of degenerative 
changes that occur during symbiont genome evolution, it is notable that mutator 
phenotypes, arising as a consequence of inactivation of DNA repair or recombination 
genes, often become fixed within populations shortly after transition to novel, static 
environments (LeClerc et al. 1996; Sniegowski et al. 1997; Giraud et al. 2001; Blount et 
al. 2008; Clayton et al. 2016). While the mutator phenotype is not expected to provide 






of linkage with the beneficial mutations that it generates (Couce et al. 2013). Our primary 
goal was to determine what types of null mutations might be adaptive following 
transition of our mutant population to a range of novel, static, nutrient-rich environments. 
It should be noted that the results of our study are not anticipated to have any special 
relevance to the evolution of symbiosis simply because we used a symbiont progenitor. 
Rather, this experiment would be anticipated to yield a similar outcome with any 
bacterium that has a generalist lifestyle. However, it is important to note that the S. 
praecaptivus strain used in our study had not been subjected to adaptation in laboratory 
culture. Such adaptation would be anathema to our scientific objectives, because the 
mutations that we seek to identify would likely have already occurred.  
Our results clearly show that there are many highly adaptive options for gene loss 
following transition to a novel environment. Strikingly, many of these involve 
inactivation of genes encoding proteins that are predicted to perform regulatory functions, 
particularly those that are global in nature or exert control over energetically expensive 
processes such as motility.  For example, mutants with Tn5 insertions in the MarR-like 
transcriptional regulator Sant_4061 rapidly increased in frequency in our experimental 
population at the outset, simply as a consequence of growth in LB media, approaching 
fixation after just 20 days.  However, at an earlier time point, we detected other 
advantageous mutants, including two that have Tn5 insertions in other genes encoding 
transcriptional regulators (uvrY and flhD). Following selection in a number of different 
environments, both artificial and natural, we found that mutants carrying Tn5 insertions 
in a number of other genes encoding putative regulators also showed a rapid increase in 






Furthermore, a combined analysis of our data revealed that genes with the largest 
numbers of Tn5 insertions are substantially enriched in global (pleiotropic) regulatory 
functions.  Although our experimental approach does not provide an opportunity to 
evaluate the fitness effects of multiple mutations in a single cell, since the vast majority 
of mutants in our population are expected to have only one Tn5 insertion (Veeranagouda 
et al. 2012). We anticipate that the inactivation of multiple global regulators would yield 
even greater increases in fitness following transition to a static environment. As an aside, 
our results highlight the potential dangers associated with maintaining microbes in 
laboratory culture.  
In addition to facilitating identification of adaptive null mutations, the Tn-seq 
procedure is also useful for identification of conditionally essential genes (van Opijnen et 
al. 2009). Indeed, transposon mutagenesis is a popular forward genetics technique that is 
used to identify genes that are necessary for survival in a specialized environment 
(Salama et al. 2004; Vidal et al. 2009; Khatiwara et al. 2012; Klein et al. 2012). The basic 
premise is that certain mutants will be eliminated from a growing population if the 
mutations are present in genes that are necessary for survival. Clearly, the advent of the 
Tn-seq procedure greatly enhances the utility of this technique by providing a rapid, 
accurate, and high throughput means to determine the frequencies of transposon 
insertions within a population (van Opijnen et al. 2009; van Opijnen and Camilli 2010; 
Barquist et al. 2013).  However, there are still several challenges associated with the use 
of this technique. First and foremost, our work highlights the problem of skew resulting 
from adaptive null mutations, which can clearly reach high frequencies in the population 






mutant library and leads to an increased likelihood of false discovery of essential genes.  
Indeed, our results show that a population of transposon mutants can become 
significantly skewed simply as a consequence of the laboratory culture steps that are 
necessary for the preparation and storage of the library. As evidenced in our study, 
further skew can arise as a consequence of the experimental passage of the library. It is 
therefore of critical importance to determine if a mutant has been lost from the population 
as a consequence of its inability to survive, rather than as a consequence of its inability to 
compete with a highly adaptive variant.  To achieve this goal, we performed statistical 
analyses on changes in the frequencies of transposon insertions in pseudogenes, based on 
the notion that these neutrally evolving loci would only be subject to transposon loss as a 
consequence of drift, arising primarily from bottlenecking of the library, or the 
aforementioned skew.  Only two of our datasets yielded statistically robust insight into 
the identification of conditionally essential genes. These analyses identified many genes 
shown previously to be involved in modifying membrane and cell wall components to 
maintain resistance to AMPs, as well as genes that play well-established roles in 
intracellular survival.  Moreover, our results also reveal that intracellular survival and 
resistance to AMPs depends on a large number of genes involved in membrane and cell 
wall biogenesis.   
At a general level, the identification of highly adaptive null mutants in this and 
other studies supports the role of gene loss, including genes encoding regulatory proteins, 
in adaptation towards a specialized niche (Hottes et al. 2013). Our findings indicate that 
the loss of genes encoding global regulators, in particular, present highly adaptive options 






the transition to a static lifestyle is accompanied by a substantial loss of environmental 
dynamism and consequently a relaxed requirement to maintain genes involved in 
responding to environmental change (Pontes et al. 2011). Furthermore, in the case of a 
transition to a symbiotic lifestyle, competition is often eliminated, relaxing the selective 
pressure to maintain a low cost of regulation. However, the selective advantages of 
reduced (regulatory) costs and elevated phenotypic plasticity in a generalist lifestyle must 
outweigh any net negative cost associated with a reduction in fitness following transition 
to a novel or static environment. Therefore, while global gene regulation plays an 
important role in allowing organisms to compete more efficiently in a generalist lifestyle, 
it (ironically) also seems to serve as a potential constraint upon fitness that may limit the 
potential for an organism to expand its range. While the findings reported in this study 
have the potential to affect any organism that utilizes pleiotropic transcriptional 
regulation, it is important to note that the selection pressure to evolve this form of 
regulation in the first place is expected to be most intense in microbes that engage in 
diverse lifestyles and experience fierce competition for resources. Ultimately, the trade-
off between the operational costs and functional optimality associated with global gene 
regulation likely represents an important driving force that constrains microbial 
adaptation.  
 
Materials and Methods 
Bacterial strains and culture conditions 
 WT S. praecaptivus was grown in LB at either 25 or 30°C with or without 






relevant: kanamycin (30 µg/ml), polymyxin B (50 µg/ml), cecropin A (5 µg/ml). H2O2 
was added to a final concentration of 500 µM. Leukocytes were extracted from 8-week-
old C57BL/6 mice using a previously described protocol (Swamydas and Lionakis 2013). 
Leukocytes were grown for 48 hours at 37°C without shaking in RPMI-1640 with L-
glutamine (Cellgro) supplemented with 10% FBS and 2 mM EDTA.  
 
Tn5 mutant library construction and culture passages 
 WT S. praecaptivus was mutagenized using the EZ-Tn5 transposome (Epicentre) 
as follows: 4 ml cultures were grown in LB at 30°C overnight. 25 ml of fresh LB was 
then added and cultures were grown until the OD600 reached 0.4. Cultures were then 
placed on ice for 10 minutes followed by centrifugation at 6,700 x g for 10 minutes at 
4°C. Cell pellets were then resuspended in 20 ml of ice-cold nuclease free water. 
Centrifugation was repeated and cells were washed with 10 ml of ice-cold nuclease free 
water. Centrifugation was repeated and the supernatant was discarded. Cell pellets were 
resuspended in the residual liquid and placed on ice for 10 minutes. 80 µl aliquots of cells 
were then mixed with 1 µl of transposon and incubated on ice for 10 minutes. The entire 
volume was transferred to a chilled 1 mm electroporation cuvette and pulsed with 1.6 kV 
using an Eppendorf electroporator 2510. Cells were resuspended in 1 ml LB and allowed 
to recover for 3 hours shaking (225 rpm) at 30°C. Following recovery, cells were spread 
on LB agar plates containing kanamycin. Mutagenesis was repeated until an estimated 
23,000 mutants were obtained. All Tn5 mutants were then combined in LB + kanamycin 
in a single 50 ml culture and grown overnight at 30°C with shaking (225 rpm). DNA was 






(Qiagen). 1 ml aliquots of the remaining culture were then mixed with 225 µl of sterile 
80% glycerol and archived at -80°C for subsequent experiments. For passage 
experiments, 100 µl of the mutant library (containing > 10
7
 mutant cells) was added to 20 
ml of LB + kanamycin, LB + kanamycin + H2O2, LB + kanamycin + polymyxin B, or LB 
+ kanamycin + cecropin A. Cultures were then placed in a 25°C incubator without 
shaking and OD600 measurements were recorded each day. When the OD600 reached 0.3-
0.4, a sample of each culture was serially diluted and plated on LB + kanamycin at 30°C 
to enumerate mutant abundance. At the same time, 10 µl of each culture was subcultured 
into the same media and placed back at 25°C. This process was repeated twice for each 
condition. Following the third passage, an aliquot of each culture was serially diluted and 
plated on LB + kanamycin. Colonies from a plate containing > 1 x 10
6
 CFUs were 
collected using 2 ml of LB and a cell scraper. DNA from the collected colonies was 
isolated using the DNeasy Blood & Tissue kit (Qiagen) and prepared for sequencing as 
described previously (Subashchandrabose et al. 2013), using a method that specifically 
amplifies and sequences the DNA comprising junctions between the bacterial 
chromosome and the Tn5 transposon. 
 
Generation of aposymbiotic maize weevils 
Aposymbiotic (symbiont-free) Sitophilus zeamais weevils were generated by 
diluting 100 µl of a 10 mg/ml solution of rifampicin dissolved in N,N-
Dimethylformamide (DMF) into 2.9 ml of nuclease free water and mixing this solution 
with 100 g of organic whole yellow corn (Purcell Mountain Farms). After the corn had 






corn for one week at 25°C and 62% relative humidity. 5th instar larvae were confirmed to 
be lacking bacteriome organs (aposymbiotic) by dissection.  
 
Tn5 mutant library microinjection into weevils 
100 µl of the S. praecaptivus Tn5 mutant library (containing > 10
7
 mutant cells) 
was grown in 25 ml of LB overnight shaking (225 rpm) at 30°C. 23 newly emerged 
aposymbiotic adult weevils were microinjected by dipping the tips of capillary needles in 
overnight cultures of cells grown in LB and inserting the tip of the needle on the 
underside of the insect on the left or right side of the insect, between the middle and hind 
legs. Three weevils were immediately surface sterilized by soaking for 5 minutes in a 
10% bleach solution and transferred to individual tubes of 500 µl of sterile nuclease-free 
water and submerged to remove residual bleach. Water was removed by pipetting and 
200 µl of LB was added. Weevils were then homogenized and the homogenate was 
serially diluted and plated on LB agar plates containing kanamycin. Plates were 
incubated for 40 hrs at 30°C and colonies were counted. The remaining microinjected 
weevils were placed individually into 1.5 ml tubes. Three surviving weevils were 
sterilized, homogenized, serially diluted and plated on day 3 and three more were 
prepared in the same way on day 11. Following 40 hours of growth at 30°C, colonies 
were enumerated. Colonies from a plate containing approximately 1 x 10
6
 CFUs were 









Tn_seq data analysis 
DNA from the entire pool of Tn5 mutants was submitted for library construction 
and 50-bp single-end sequencing at the Huntsman Cancer Institute sequencing core at the 
University of Utah. Library construction and sequencing was performed as described 
previously (Subashchandrabose et al. 2013). Sequence reads were filtered using 
NGSQCToolkit (Patel and Jain 2012) using optional settings -l 70 -s 20. High quality 
reads were separated and trimmed using the "separate reads by barcode" function in 
Geneious version 8.1.7 (Kearse et al. 2012) to include only reads beginning with the last 
six bases of the Tn5 transposon. This tool also removes the six bases of transposon 
sequence from each filtered read. Reads were then mapped to the S. praecaptivus genome 
using the Geneious mapper with optional settings "minimum overlap identity" = 100% 
and "maximum mismatches per read" = 0%. Alignment files in SAM format were 
exported from Geneious with the "export padded CIGARs" option enabled. Because the 
Tn5 transposon duplicates a nine-base insertion sequence, the alignment file was 
modified to include only the first or last nine bases of forward or reverse sequences, 
respectively, using custom Perl scripts. Reads were then counted and visualized 
according to the first base of the insertion site. The abundance of mutants containing 
intragenic insertions was determined for each gene and comparisons between mutant 
libraries was performed using custom Perl scripts.  
 
Flagellar staining 
Flagella were visualized by tannic acid staining. Two solutions are prepared 






saturated KAl(SO4)2, and solution 2 consists of 12% crystal violet in ethanol. Cells were 
picked from colonies grown on an LB plate containing 1.5% agar plate and were 
mounted on glass slides with liquid LB. Cover slips were placed over cells and a 10:1 
mix of solutions 1 and 2 was infused under the cover slip on one side. Cells were 
visualized using a Nikon Optiphot microscope with a Nikon Plan 100 objective and 
COHU CCD camera. 
 
Transcriptional regulator identification 
Transcriptional regulators in S. praecaptivus and related symbionts were 
identified by searching intact protein-coding gene product annotations for “DNA-
binding,” “regulator,” “transcriptional repressor,” or “transcriptional activator.” All 
hypothetical genes were then analyzed using the conserved domains database (Marchler-
Bauer et al. 2015) and putative transcriptional regulators were identified as genes 
containing domains belonging to the helix-turn-helix (HTH) or transcriptional regulator 
super families. Orthologs of S. praecaptivus transcriptional regulators were identified in 
symbiont genomes using an all versus all blastp alignment (Camacho et al. 2009) with 
optional settings –evalue 0.001 and –max_target_seqs 1. Alignments were manually 
inspected for false positive matches. Any protein coding sequences from transcriptional 
regulators in symbiont genomes not shared with S. praecaptivus were used to query other 
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Figure 5.1. Hypothetical transcriptional network. Global and local transcriptional 
regulators provide efficiency by modulating the expression of many different genes 
including other local regulators in response to a single signal. Local regulators modulate 

































Figure 5.2. Histogram showing the abundance of Tn5 mutants in the whole genome 
sequence of S. praecaptivus in the initial library (top). The data is processed and rendered 
so that each individual peak shows the number of Tn5 insertions/kb in a single gene.  The 
peaks with the highest numbers of Tn5 insertions/kb are annotated with gene names, 
which are shown in bold face if the gene is predicted to have a regulatory function.  The 
zoomed in fraction (bottom) shows the frequencies of Tn5 insertions in individual sites in 
a region of the genome containing many genes encoding proteins involved in translation, 





















Figure 5.3. Plate A shows a growth curve obtained from stationary cultures of wild type 
and ∆Sant_4061, ∆flhD, ∆uvrY, and ∆wzb mutant strains of S. praecaptivus.  Plates B and 
D show the same strains following growth on swarm and swim agar plates, respectively.  

















Figure 5.4. Histograms showing the abundance of Tn5 mutants in the whole genome 
sequence of S. praecaptivus in the initial library and each of the derived libraries. The 
data were processed and rendered so that each individual peak shows the number of Tn5 
insertions/kb in a single gene.  The peaks with the highest numbers of Tn5 insertions/kb 
are annotated with gene names, which are shown in bold face if the gene is predicted to 


















Figure 5.5. Comparison of turbidities of wild type and selected mutant strains of S. 
praecaptivus following overnight stationary growth in LB with and without polymyxin B 













Figure 5.6. Matrix showing the presence (green) or absence (grey) of genes encoding 








Figure 5.7. Plots showing the counts of Tn5 insertions in all genes in the initial and 
derived libraries. Genes that are known to function in providing resistance to 









Figure 5.8. Status of transcriptional regulators in S. praecaptivus and related symbionts. 
Intact and disrupted orthologs of putative transcriptional regulators are shown in green 
























The comparative analyses between Sodalis praecaptivus and the derived insect 
symbionts Sodalis glossinidius and Candidatus Sodalis pierantonius have provided 
valuable insight into the mechanisms driving symbiont genome degeneration as well as 
the impact that this degenerative process has on symbiont gene inventories and functions. 
While this work illustrates that genome degeneration occurs through repeated replication 
slippage events that create abundant inactivating insertions and deletions (indels) in 
recently established symbiont genomes, it remains unclear how this degenerative process 
is limited. We suggested that the observed A+T mutational bias, frequently seen in 
symbiont genomes, is one method whereby slippage events might be prevented. 
However, the reasons for this mutational bias remain unclear. Furthermore, not all 
symbiont genomes become A+T-rich, suggesting that other mechanisms driving genome 
degeneration, outside of those identified in this work, must exist.  
This work also identified inactivating mutations in specific DNA repair and 
recombination genes in the Ca. S. pierantonius genome that are likely contributing to the 
increased mutation rates in this symbiont. Comparative analyses of most genes shared 
between Ca. S. pierantonius and S. praecaptivus reveal the presence of countless 
missense mutations. Some of these changes within core replication proteins may also 
contribute to the degeneration of the symbiont genome as observed in other laboratory 
studies (Saveson and Lovett 1997). It would be interesting to assess the functional 
consequences of symbiont replication proteins within the S. praecaptivus genome by 
replacing its native genes with the symbiont orthologs. The availability of symbiont 
genomes that vary in their length of host association could enable the identification of 






This work also provided further support that individual genes, especially 
regulatory pathways, such as PhoP-PhoQ, undergo functional changes that optimize these 
pathways for symbiotic life. While many regulatory genes are lost as a consequence of 
symbiosis, the modifications to regulatory networks that enable the persistence of 
symbionts within the host environment remain poorly understood. Through the use of 
transposon Tn5 mutagenesis and sequencing (Tn-seq), this work showed that significant 
fitness advantages could be realized through the disruption of existing regulatory 
networks, especially those involving global regulatory proteins. This observation 
prompted the discovery of a previously uncharacterized transcriptional regulator involved 
in mediating resistance to antimicrobial peptides (AMPs). The analyses of the Tn5 
mutant library also identified many other uncharacterized genes, whose inactivation 
mediates increased fitness in various novel environments. All of the environments tested 
in this work were chosen on the basis of their containing specific challenges likely 
encountered by a recently established symbiont. Some of the genes identified in these 
experiments may play important roles in the establishment of symbiotic interactions. It 
would be worthwhile to follow up this work with additional analyses of these genes and 
their role, if any, in maintaining symbioses. For those genes with predicted regulatory 
functions, it would be worthwhile to assess their transcriptional profiles to better 
understand what pathways fall under their control. This would likely explain the reasons 
for the significant fitness benefits gained by their inactivation.  
As a whole, this work illustrates some of the mechanisms of symbiont genome 
degeneration as well as a few of the modifications that have occurred in specific 
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